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SUMMARY 
The commissioning of a high temperature gas blast erosion rig has been undertaken and a 
successful erosion test methodology has been developed. This has enabled the wear 
resulting from air-borne silica sand impacting a silicon carbide continuous fibre reinforced 
calcium aluminosilicate (CAS) glass-ceramic matrix composite to be examined. Material 
removal was by lateral cracking provided that the particle velocity, and hence impulse load, 
was above a critical value. It was found that at room temperature erosion rate was related to 
particle velocity by a power of2.6. For this system, the effect of fibre orientation was found 
not to be significant and this was explained in tenns ofthe tensile residual stresses, resulting 
from mismatches in coefficients of thennal expansion, present in the matrix at room 
temperature. Further, it was found that no significant stresses resulting from ply 
interactions were present in cross-ply laminates, as these had the same wear rates as 
unidirectional material. The effect of temperature on the erosion response of the 
unidirectional material was assessed. After due consideration of the effect of temperature 
on particle velocity, wear rate was found to decrease from room temperature to 300-400 °C 
as predicted from a consideration of the residual stresses present in the composite. The 
constant wear rate from 400 to 726°C indicates that the release of residual stress is being 
balanced by an opposing factor, such as softening of the matrix. The cross-ply material 
followed a similar trend to that for the unidirectional material. The wear studies were 
supported by elevated temperature quasi-static indentation and X-ray photoelectron 
spectroscopy in an attempt to further elucidate the changes that were occurring, 
especially at the surface of the material, at elevated temperatures. Limits on the amount 
of material available meant that repetition of these aspects of the work is required before 
more conclusive results can be obtained. An experimental study of the evolution of a 
wear scar in unidirectional CAS/SiC has led to the development of a model for predicting 
wear rates and wear scar morphology at elevated temperature. The predictions are shown 
to be in good agreement with results obtained and fonn a useful basis for further work 
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Fibre radius 
Constant 
Radial crack length 
Mean grain diameter of target material 
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Binding energy of an electron 
Kinetic energy of an emitted electron 
Depth of material removal due to lateral cracking 
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Inter-particle spacing 
Empirically derived constant 
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Size exponent 
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Velocity exponent 
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Mass flow rate of particles 
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Variable related to Reynolds number 
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Room temperature in K 
Temperature of pre-heater 
Kinetic energy of impacting particle 
Velocity of particle 
Volume of material lost per impact 
Volume of gas at room temperature 
Volume of gas at elevated temperature 
Mean air velocity 
On axis air velocity 
Volume fraction of fibres of fibres or whiskers 
Mass wear rate (in terms of mass of target removed per impact) 
Spectrometer work function 
Mass wear rate of composite 
Experimental wear rate 
Velocity corrected wear rate 
Mass wear rate at impact angle a 
Mass wear rate at impact angle 90° 
Constituent (i.e. target, t or particle, t) 
Depth of particle penetration 
Particle impingement angle 
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Notes 
Auger parameter 
Geometric constant 
Dimension in model, chapter 7 
Dimension in model, chapter 7 
Change in radius of base of wear scar 
Grain boundary fracture energy 
Transfer coefficient 
X-ray photon energy 
Particle dispersion parameter 
Inelastic mean free path of an electron 
Dynamic viscosity 
Angular velocity of discs 
Angle between base and wall of wear scar 
Density of fibre 
Density of matrix 
Density of constituent x 
Fluid density 
Tangential velocity 
Included half angle of indenter 
Subscript p denotes that the property pertains to the 
erodent particles. 
Subscript t denotes a property pertaining to the target. 
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Chapter 1 
INTRODUCTION 
1.1 BACKGROUND TO THE PROJECT 
Development of the new generation of jet engines is, to a large extent, commercially 
driven and thus designers are often looking to developments in advanced materials to 
meet this need. The efficiency of a gas turbine system can be improved by an increase in 
operating temperature, while operating costs will be reduced by reductions in component 
weight. With these factors in mind the driving force in the evolution of gas turbine 
components has been principally the development of new materials incorporating 
improved temperature capabilities and lower density. This can be seen in the way metal 
components have changed from aluminium and steel to titanium and now nickel and 
lithium alloys. 
Current nickel-based superalloys were developed to operate at temperatures around 
1400 °C which, by virtue of extensive cooling, is around 200°C in excess of their 
melting point. Clearly, in order for further increases in operational efficiency to be 
realised, there is a need to look towards the superior temperature capabilities of ceramic 
materials. Monolithic ceramics, however, are prone to failure in a catastrophic manner. 
Glass-ceramic and ceramic matrix composites (CMCs) are therefore being promulgated 
as the next step forward in materials for turbine applications. Some ceramic matrices are 
thermally stable to temperatures in excess of 1600 DC. Glass-ceramic matrices combined 
with oxidation resistant fibres, despite being thermally stable to a lower temperatures 
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«1000 °C), provide useful, and easier to process, systems for study. Silicon carbide 
reinforced with silicon carbide fibres, for example, is produced by a lengthy and costly 
vapour infiltration process, the result of which is a composite with a significant amount 
of porosity. Glass-ceramic matrix systems such as lithium alumino silicate, barium 
magnesium alumino silicate and calcium aluminosilicate, combined with Nicalon TM or 
Tyranno TM silicon carbide fibres, are cheaper materials from which a generic 
understanding of CMCs can be obtained. 
One of the key materials properties that must be understood before CMCs will find 
applications as turbine components is that of erosion resistance. Erosion, according to 
ASTM designation G76-83, is described as "the progressive loss of original material 
from a solid surface due to mechanical interaction between that solid surface and a fluid, 
a multi-component fluid, or impinging liquid or solid particles". A component such as a 
turbine blade will be subject to solid particle impingement by small, fast moving air-
borne particles. Current understanding of this area of CMC behaviour is, as yet, very 
limited. Models do exist that try to predict erosive wear in monolithic ceramics but they 
are unreliable and are even less applicable to CMCs. The purpose of this study is 
therefore to expand on the understanding of the erosive wear behaviour of ceramic matrix 
composites. A glass-ceramic matrix composite is used for this work with a view to 
providing generic information regarding CMC systems. 
2 
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1.2 OUTLINE OF THE THESIS 
Following this introduction, Chapter 2 presents an overview of literature relevant to the 
erosion of brittle materials. The most commonly applied models are discussed and 
literature is also presented concerning the influence of some of the many materials 
parameters on the erosive response of such materials. Literature more specific to certain 
areas of the thesis is discussed in later, more appropriate sections. 
Chapter 3 presents a description of the materials used in this study along with sample 
preparation and microscopy techniques applicable to most stages of the erosion study. 
Following this Chapter 4 deals with the technique of X-ray photoelectron spectroscopy 
(XPS). It was anticipated that XPS could be used to investigate the nature of the 
chemical changes of a sample surface undergoing erosive wear at elevated temperature. 
The first part of Chapter 5 addresses commonly used erosion experimentation techniques 
and parameters of importance when performing erosion experiments. Following this, the 
gas blast erosion rig, experimental conditions and preparation of samples used in this 
study are discussed. The data derived from room temperature and elevated temperature 
erosion of both unidirectional and cross ply materials are presented and discussed in 
Chapter 6. An empirically derived model for the prediction of the evolution of wear scar 
profiles with time is detailed in Chapter 7. Finally the conclusions that can be drawn 
from the work undertaken in this thesis and suggestions for future work are presented in 
Chapter 8. 
3 
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Chapter 2 
REVIEW OF THE LITERATURE 
2.1 INTRODUCTION 
A number of erosion models for solid particle impact of ceramic materials are available 
to investigators wishing to compare experimentally derived values with those obtained 
numerically (see Meng & Ludema, 1995 for a recent review). Literature applicable to the 
most common models for erosive wear are detailed in the following sections. These 
models differ in the initial assumptions made and do not agree on the influence of 
material variables such as impact velocity or target hardness. Literature is also presented 
concerning the influence of impacting particle properties, such as size and shape, target 
properties and temperature effects on the erosive response of ceramic materials. 
Understanding of the effects of these parameters is not complete, and as yet there is no 
model that satisfactorily highlights the relevant experimental parameters and predicts 
wear rate for a general erosive system. 
Erosive wear of continuous fibre reinforced CMCs is an area where the number of 
erosive wear studies is very limited. Quasi-static models based on indentation analysis 
have a high emphasis on target hardness and toughness effects and hence have limited 
applicability to CMC systems, where such parameters are difficult to define. Thus much 
work is required on the subject in order for a successful, universally applicable model to 
be developed. 
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2.2 EROSION MODELS 
2.2.1 EROSION IN THE ELASTIC REGIME 
When considering erosion in the elastic regime the impacting particle is assumed to show 
an elastic response to impact while the target material is assumed to be ideally brittle. An 
elastic response is also assumed for the target material; no plastic deformation is present, 
and material removal occurs by the propagation and intersection of cracks around the 
impact zone. Sheldon and Finnie (1966) proposed a quasi-static model whereby erosion 
occurs as the result of Hertzian contact stresses induced during impact. Conditions 
where elastic-elastic responses would be prevalent include impact at low velocities or 
with blunt or soft eroding particles. 
It is assumed that initial fracture on impact occurs when the maximum tensile stress 
reaches a critical value which is governed by the size of flaws in the region of the impact. 
The effects of the surface flaw size distributions on the critical value for initial cracking 
are predicted using Weibull statistics. An expression representing the strength of the 
material in a Hertzian stress state is equated with the expression for maximum tensile 
stress during indentation with a spherical indenter. This gives a relationship between 
indentation depth at the time of initial cracking and the particle contact radius. 
The volume removed per particle impact is assumed to be proportional to the volume of 
the spherical cap, defined by the effective particle radius and the maximum depth of 
penetration. The volume removed per particle (V) for a given particle velocity (v) is 
gIven as 
5 
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a = 3m" / (m" -2) for spherical particles, 
a = 3.6m" / (m"-2) for angular particles and 
b = 204m" / (m" -2) for either morphology. 
2. 1 
The constant, k, differs for angular and spherical particles and depends on factors such as 
Weibull modulus (m") and the average strength of the material in bending. 
In order to validate the proposed model, Sheldon and Finnie carried out impact tests on 
five brittle materials using hardened spherical steel shot and silicon carbide grit as 
erodents. It was found that predicted values of the exponents a and b agreed well with 
those found experimentally. Reasonable agreement was also found between 
experimental and theoretical values of k. Although the model appears to give a 
reasonable description of erosion in brittle materials its physical basis has been 
questioned since it assumes Hertzian crack formation. In most practical situations lateral 
crack formation is the main cause of material removal during erosion and thus it is 
necessary to consider an elastic/plastic erosion regime. 
2.2.2 EROSION IN THE ELASTIC-PLASTIC REGIME 
2.2.2.1 Introduction 
Under conditions of erosion in the elastic-plastic regime it is assumed that, as with the 
elastic-elastic erosion model of Sheldon and Finnie, the impacting particle exhibits an 
elastic response when it strikes the target surface. The target surface, however, is said to 
6 
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deform plastically in response to the load exerted by the impacting particles. Elastic-
plastic responses are prevalent when impact velocities are high and/or erodent particles 
are hard and angular. If particle sizes are small the impact of blunt particles can also 
lead to a plastic response in the target material. The model proposed by Sheldon and 
Finnie is valid for situations where impacting particles are large or impact velocities are 
low, but, these are not widely observed situations. 
Modelling of erosion in the elastic-plastic regime can be divided into two approaches. 
The dynamic approach is dominated by the model developed by Evans et al. (1978) 
while a quasi-static approach has been used by Ruff and Wiederhom (1979) to develop a 
second commonly used model. Both models assume lateral cracking to be the cause of 
erosive wear as opposed to Hertzian crack formation. Both sets of authors agree that 
lateral cracks are formed during the unloading part of the impact cycle as a result of 
plastic deformation below the impact site, while radial cracks form on loading. The 
lateral cracks tend to propagate towards the target surface and lead to material removal 
via the formation of chips. Another assumption of the two theories is that interaction 
between impact sites is negligible and therefore the wear rate is a summation of the 
volume removed from each impact site. The volume lost per impact, V, is calculated 
from the depth of penetration, z, and the maximum size of lateral cracks formed. It is 
assumed that the lateral crack size is proportional to the radial crack size, Cf) so that 
2.2 
Where the models of Ruff and Wiederhom and Evans et al. differ is in the methods 
used to find expressions for Cr and z. 
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2.2.2.2 Quasi-static approach 
Ruff and Wiederhom start with an equation for crack propagation developed by Roesler 
(1956): 
c oc(P / K )2/3 
r m IC 2.3 
where K]C is the fracture toughness of the target material and Pm is the maximum impulse 
load. 
Using previous work by Wiederhom and Lawn (1979) it was assumed that the kinetic 
energy of the particle contributes entirely to plastic flow such that 
P oc H1I3 2/3 4/3 m mp V 2.4 
where H is the target hardness, fl\, is the particle mass and v is the particle impingement 
velocity. Substituting the expression for Pm into equation 2.3 gives 
C oc 4/9 H 2/9 8/9 K -2/3 r mp V Ie 2. 5 
The maximum particle penetration used in the elastic-plastic theory of Wiederhom and 
Lawn (1979) is given as 
113 2/3H-1/3 zocmp V 2.6 
It was assumed that lateral crack size is proportional to radial crack size. Although not 
8 
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necessarily true Ruff and Wiederhom did observe experimentally this relationship 
between radial and lateral cracks. Using this assumption, and that the depth of the lateral 
cracks is proportional to the maximum particle penetration, Ruff and Wiederhom 
developed the following expression for wear rate by substituting equations 2.5 and 2.6 
into equation 2.2. 
V OCV22 / 9 H1I9 K -4/3 p 1119 1113 Ie p r 2. 7 
where Pp is particle density and r is particle radius. 
Ruff and Wiederhom found their velocity and size exponents to be within the range 
observed from experiment, i.e. the velocity exponent, n, between 3 and 4 and the size 
exponent, m, between 2 and 4. 
2.2.2.3 Dynamic approach 
In contrast to the assumptions of Wieder hom and Lawn the target hardness is said to play 
a minor part in the fracture process. A spherical particle is assumed to penetrate the 
target without distortion, with the contact pressure assumed to be the dynamic pressure 
set up when the particle first hits the surface. Time of contact and mean interface 
velocity are calculated using a one-dimensional impact analogue to obtain penetration 
depth. Impulse load is given by 
2. 8 
Substituting this equation into equation 2.3 gives 
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c oc y4/3 4/3 P 2/3 K -2/3 
r r p IC 2.9 
Comparing this with the expression used by Ruff and Wiederhom (2.5) it can be seen 
that there is a similar dependence of radial crack size on target fracture toughness due to 
the common use of the Roesler equation. Evans et al. do not take account of the target 
hardness and their analysis shows a stronger dependence of crack size on particle 
velocity. Both sets of authors showed experimental data which were in good agreement 
with theory, therefore more detailed comparisons are required. 
Evans et al. also developed a description of lateral crack formation. The depth of lateral 
crack propagation, z, is assumed to be proportional to the plastic zone depth at full 
penetration. An estimation of penetration depth and experimental results were then used 
to produce a semi-empirical expression for the depth at which the lateral crack forms: 
112 1I4
H
-1I4 
zocy Pp r 2.10 
Substituting equations 2.9 and 2.10 into equation 2.2 gives 
V 19/6H-1I4K -4/3 19112 1113 ocy IC Pp r 2.11 
The main differences in the models stem from the different treatment of impulse load, Pm' 
and the dependence of Pm on kinetic and material properties. Both models assume that 
equation 2.3 is valid for radial cracks and that the size of the lateral cracks is proportional 
to the size of the radial cracks. Finally, total erosion rate is simply the summation of 
individual impact events, with the assumption that there is no interaction between impact 
sites. 
10 
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Even though the final expressIOns obtained differ both sets of authors present 
experimental evidence to show that erosion rates depend on Krc and H in the manner that 
they predicted. Evans et al. did, however, find a greater dependence of erosion rate on 
Krc and H than is predicted by their theory. 
2.2.2.4 Grain boundary cracking 
Another erosion phenomenon that has been proposed by authors such as Ritter (1985) 
and Wiederhom and Hockey (1983) is that of grain boundary cracking. Ritter (1985) 
observed that Al20 3 impacted with silicon carbide grit showed no signs of radial or lateral 
cracking around the impact site. Instead, grain boundary cracking was seen to occur with 
a pit being produced due to subsequent grain fall-out. Wiederhom and Hockey (1983) 
noticed a similar result when MgO was impacted with silicon carbide particles. It was 
found that the erosion rate for the MgO target material was higher than that predicted 
theoretically, and it was stated that the lateral chipping models were probably not 
applicable to the erosion of poly crystalline MgO. Ritter (1985) also observed this wear 
morphology when testing MgO, along with similar results when SiC and Si3N4 were 
tested. 
The model proposed to explain these results assumed that all of the kinetic energy 
imparted by the impacting particles is absorbed by grain boundary cracking adjacent to 
the impact site (Ritter 1985, Ritter et al. 1986). If this is correct then the amount of 
cracking will be proportional to the impacting kinetic energy, Uk' and a function of the 
grain boundary fracture energy, y. Thus, for n* grains with average diameter, d. 
* 2 
n y d a Uk 2.l2 
and since 
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2.13 
where D is the pit diameter 
2.14 
Ritter et al. (1986) showed that the gradient of an experimentally derived plot of pit 
diameter versus kinetic energy, for sintered alumina impacted with SiC abrasive, agreed 
well with the gradient of 1/3 predicted by equation 2.14. Similarly good agreement was 
achieved by Ritter (1985) on testing A120 3, MgO, SiC and Si3N4 target materials. 
Although the model appears to describe accurately erosive wear, where grain boundary 
cracking occurs, critical studies of the effects of grain boundary surface energy and grain 
boundary diameter have not yet been carried out. Also this model predicts a Velocity 
exponent equal to 2 since erosion rate is related to the kinetic energy of the impacting 
particle. Generally observed velocity exponents are greater than 2, thus the grain 
boundary cracking model of Ritter has not been widely adopted. Experimental 
observations would, in fact, preclude any model where a basic scaling between particle 
kinetic energy and material removal is made. The proposed model, therefore, needs to be 
tested more rigorously in order to validate the assumptions made. 
2.2.3 PARTICLE PROPERTIES 
2.2.3.1 Introduction 
Due to the complex interactions of particle shape, friability and density and thus the 
difficulty in investigating these parameters independently, detailed systematic 
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investigations have not yet been carried out. Properties pertinent to motion such as 
impact angle, velocity, etc. have been studied extensively due to their significant 
influence on the erosion process. 
For the purposes of this study only erosion by air-borne solid particles has been 
considered. Experimental studies of erosion processes of ceramics are usually conducted 
with a particle impact angle (a) of 90 0 to the target surface. This is because for brittle 
materials the maximum rate of erosion occurs at a particle impingement angle normal to 
the surface of the target material, an effect illustrated in figure 2.1. Where a more oblique 
angle is being used for erosion experimentation then it is normal to use the component of 
velocity normal to the target surface, vsina. 
2.2.3.2 Particle velocity 
Models of erosive wear give the erosion rate as being proportional to the velocity of 
erodent particles raised to some power, n. Thus, as seen experimentally ( e.g. Rickerby et 
al. 1980, Tilly & Sage 1970, Wellman & Allen 1995, Imai et al. 1992, Wang et ai., 
1995) an increase in particle velocity leads to an increase in erosion rate for a given 
particle/target combination. The elastic-elastic erosion model of Sheldon and Finnie 
(1966) shows that the particle velocity exponent depends on the Weibull modulus, m·, of 
the target material. Values ofn for models of elastic-plastic erosion are 2.4 and 3.2 while 
for the model proposed by Ritter the velocity exponent is equal to 2 due to wear rate 
being proportional to kinetic energy (see § 2.2.3.4). As mentioned previously the fact 
that velocity exponents are generally observed to be greater than two is one of the 
drawbacks of this model. 
In some cases a relatively small change in impact velocity or angle can result in a large 
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change in the rate of material removal (Hutchings 1992, Routbort & Turner 1983). 
These changes are usually due to a change in the mechanism of wear at some threshold 
value. This effect has been shown in work by Sparks and Hutchings (1991) and is 
represented graphically in figure 2.2. As can be seen there is a sharp increase in erosion 
rate for rounded particles between velocities of 40 m S-1 and 50 m S-I. This was attributed 
to a change in extent and nature of the surface deformation. Below the threshold value 
lateral cracking was minimal and fracture less extensive, whilst above this value lateral 
cracking led to the removal of large fragments. This effect would also be seen by 
varying the impact angle, since for oblique angles the normal component of velocity, 
vsina, is used. As a decreases the component of velocity normal to the surface of the 
target is reduced, thereby leading to a change in erosion mechanism. 
A number of authors (Scattergood & Routbort 1981, Scattergood & Routbort 1983, 
Routbort et al. 1980a) have studied the velocity exponent n by eroding semi-conductor 
grade single crystals of silicon with angular A120 3• A dependence of velocity exponent 
on particle size was found, with the velocity exponent decreasing with increasing erodent 
particle size. Large particle sizes gave a value of n around 2.6 while small particle sizes 
yielded a value ofn around 3.4 consistent with the dynamic model predictions. A change 
in n with particle size was also found by Routbort et al. 1980b who, like Routbort et al. 
1980a, found that the velocity exponent was independent of impact angle. Although 
measured values of n are within those predicted by the quasi-static and dynamic models 
it is unclear why a change in particle velocity exponent occurs with a change in particle 
SIze. 
Scattergood and Routbort (1981) suggested that either there may be a change in tendency 
for particle fragmentation with size, or that some unknown aspect of particle or erosion 
surface morphology may change with the size of angular Al20 3 particles. If this is the 
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case then n may vary with particle size. Another possible explanation is that the erosion 
process of silicon may be connected to a defect size scale and thus the change in particle 
size passes through this defect size range and is reflected by the changing value of n. 
Finally localised heating at the impact site has been suggested as a cause for variations in 
n with particle size (Scattergood & Routbort, 1983). The increased thermal heating seen 
with larger particles might allow full plastic deformation which is necessary for quasi-
static impact conditions to develop (Doyle & Ball, 1991). Thus n values tend towards 
the lower, quasi-static, values predicted by Ruff & Wiederhorn as particle size increases. 
2.2.3.3 Particle size 
Sheldon and Finnie (1966) in their elastic model, predicted that the size exponent is 
dependent on the Weibull modulus and particle shape. Thus for spherical particles they 
stated that the size exponent is equal to 3m*/(m*-2), while for angular particles it is equal 
to 3.6m*/(m*-2). The authors found reasonable agreement between predicted and 
experimental results. Both the quasi-static approach of Ruff and Wiederhorn and the 
dynamic approach of Evans et al. predict a particle size exponent of 3.7 in the elastic-
plastic regime. 
There has been very little written about the effect of particle size on erosion rate. 
Scattergood and Routbort (1981), as mentioned previously, studied velocity and size 
dependencies on silicon and found that particle size has an affect on the velocity 
exponent n. In contrast to this Gulden (1981a), in a study using a range of SiC particle 
sizes on Si3N4 materials, found that there was no consistent variation in velocity 
dependence with particle size. Results obtained indicated that for a given target-particle 
combination it is the relative target-particle properties that largely govern the type of 
erosion damage produced, rather than the particle size or velocity. 
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Routbort et al. (1980b), in a study of SiC impacted with A120 3 particles, found that there 
was a threshold particle size below which erosion rate decreased. For the smallest size of 
particle used an anomalously low erosion rate was observed. It was suggested that the 
change in erosion rate could be due to a change in mechanism due to a microstructural 
effect. An alternative explanation is that the small particles did not impact with enough 
energy to initiate crack formation or allow crack propagation to occur. If this was the 
case it would be expected that a velocity dependent threshold would also be seen, 
something Routbort et al. did not see in their results. This is probably due to the fact that 
Routbort et al. did not use a high enough velocity in their tests. Later work by Routbort 
and Turner (1983) in which silicon carbide was impacted with alumina particles showed 
that the threshold particle size depended on the impact velocity. At a particle velocity of 
150 m S-1 no threshold was seen for the range of particle sizes investigated while below 
this velocity a rapid decrease in erosion rate was noted for small particles. 
Marshall et al. (1981) studied particle size distribution effects on the solid particle 
erosion of brittle materials. The authors concluded that the distribution of particle sizes 
had an effect on the erosive wear rate of a brittle material in the elastic-plastic regime. 
They also stated that measurements of velocity and particle size exponents can be 
affected by particle size distribution, however this influence is usually minimal. 
2.2.3.4 Particle density and shape 
The model developed by Sheldon and Finnie (1966) for erosion in the elastic regime does 
not include particle density as a parameter. The model of Ruff and Wiederhorn (1979) 
for quasi-static conditions in the elastic-plastic regime does, however, include density as 
a parameter, with an exponent of 11/9. The model of Evans et al. (1978) includes 
particle density with an exponent of 8/5. Unfortunately these exponents have not, as yet, 
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been validated by a systematic study of particle density. This is probably due to the 
difficulty in changing solely the density of impacting particles without changing other 
variables such as the shape of the particles. 
The shape of an impacting particle effects the type of cracking observed. As seen when 
indenting a material, a sharp indenter will produce an elastic-plastic response leading to 
radial/median cracking, whilst a blunt indenter leads to Hertzian cone cracks. The shape 
of eroding particle is related to hardness with softer particles tending to have a more 
rounded morphology, and is thus fairly material specific. Si02 is usually rounded for 
example, while SiC and Si3N4 are usually classed as angular. Evans et al. concluded, 
however, that particle shape does not play a major role in fracture under erosive 
conditions. The authors stated that for radial or conical fracture the prime projectile 
parameters are velocity, radius and density. 
2.2.3.5 Flux effects 
Uuemois and Kleis (1975) were some of the first authors to take a critical look at particle 
flux effects. Data concerning flux effects on erosion rates were presented along with 
other little studied erosion parameters such as particle velocities and the influence of 
particle impurities. It was found when studying metals and ceramics that an increase in 
the particle concentration used for testing led to a decrease in the erosion rate observed. 
At a particle velocity of 165 m S-1 and an impingement angle of 90° results showed a 
threefold decrease in erosion rate on increasing flux from 2 to 200 g cm-2 S-1 when testing 
a "soft steel" specimen. It was suggested that impact velocity, angle of impingement, 
strength of abrasive particles and particle size all affect the flux effect observed while the 
origin of the flux effect stemmed from particles rebounding from the surface of the 
specimen and interacting with incident particles, thereby creating a "cloud" of 
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rebounding particles which varies with test conditions. Interactions in this "cloud" led to 
incident particles being deviated and subjected to a deceleration effect, or even being 
prevented from hitting the specimen surface altogether. 
Anand et al. (1987), although suggesting that Uuemois and Kleis offered no discussion 
on the origin of the flux effect, in fact used the idea of a "rebound cloud" above the 
sample to help develop a model. Anand et al. developed a first order collision model in 
which rebounding particles were considered to remove incident particles from the flux 
beam on collision, thereby preventing them from contributing to the erosion process. It 
was found that the erosion rate decreased exponentially with increasing particle flux, an 
effect which is accentuated with lower particle velocities and smaller erodent particle 
sizes. These effects were then confirmed experimentally. It was also suggested that 
particle fragmentation could be contributing to a shielding effect. 
Shipway and Hutchings (1994) studied flux effects within a gas blast erosion rig so that 
the extent of particle/particle interactions and the flux below which particle/particle 
interactions become insignificant could be determined. Since particle flux has an effect 
on erosion rate Shipway and Hutchings investigated the possibility of defining a particle 
flux that would enable experimentation to be carried out in a reasonable time, whilst 
ensuring that particle shielding was minimised. Particle velocities were measured using 
an opto-electronic flight timer and traj ectories were studied by examining wear scar 
shapes and photographic evidence of erodent particles leaving the nozzle. It was found 
that throughout the range of particle sizes studied there was no significant change in 
particle velocity with flux. The inter-particle spacing, I, was estimated using 
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2.15 
where v is the mean particle velocity, rn is the nozzle radius, Qo is the particle mass flow 
rate and 11\ is the mass of each particle. It was found that inter-particle spacings were 
greater that ten times the particle diameter for all particle sizes. It was therefore 
concluded that particle/particle interactions within the nozzle were unlikely. When wear 
scar radii were examined as a function of mass of erodent for varying fluxes it was found 
that at low fluxes, for all but the smallest particle sizes, scar radius increases linearly with 
the log of the erodent mass. However as the flux is increased the wear scar radius 
increases more rapidly, with the rate of increase increasing with increasing flux. The 
deviation from a linear relationship is indicative of the flux where particle/particle 
interactions start to become important and thus erosion tests should be carried out just 
below this point. In this way tests can be conducted as quickly as possible while 
avoiding flux effects. 
The smallest particle size (63-75 /-lm) yielded slightly differing results since at all fluxes 
tested the relationship between scar radius and log mass was non-linear and changed little 
with flux. Since inter-particle spacings were such that the probability of inter-particle 
interactions within the nozzle was small it was hypothesised that aerodynamic effects 
were the cause of the non-linearity observed. The stand-off distance was only four times 
the nozzle diameter and the gas velocity was approximately twice the particle velocity 
thus there was a tendency for particles to acquire a tangential velocity due to the driving 
gas flowing parallel to the plane of impact. Thus for all but 63-75 /-lm spheres, 
particle/particle interactions between the nozzle exit and the target caused an increase in 
wear scar radius above certain fluxes. Photographic evidence showed that many of these 
interactions were from rebounding particles which had already struck the target surface. 
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Use of this experimental technique can therefore lead to suitable fluxes being used during 
erosion testing so that inter-particle interactions outside the nozzle are reduced, a possible 
cause of differing inter-laboratory erosion results. 
2.2.4 TARGET PROPERTIES 
2.2.4.1 Hardness and toughness effects. 
A study of the correlation of experimental eroSIOn data with elastic-plastic erOSIOn 
models has been carried out by Wiederhom and Hockey (1983) and Gulden (1981b). 
The results obtained by Gulden showed reasonable correlation between experimental 
data and model predictions. It was found, however, that the small hardness dependence 
of the models was not sufficient to distinguish between models. Both commonly quoted 
models of erosive wear predict that wear rate is proportional to K1C -4/3 (Ruff & 
Wiederhom 1979, Evans et al. 1978) and as such fracture toughness is a significant 
parameter describing the wear of ceramics. There has, therefore, been some interest in 
the use of toughened ceramics for wear applications. The fact that wear rate depends on 
fracture toughness to the same extent for both models stems from the similar use of 
Roesler's equation for radial crack growth (2.2). Both models also assume that radial 
crack length is proportional to lateral crack length on indentation so that this expression 
can be used when calculating the volume loss of material due to lateral cracking (see 
§ 2.2.2). For monolithic ceramics the assumption that lateral cracking scales with radial 
cracking has been shown to be valid (e.g. Winn & Yeomans, 1996) but in the case of 
composites this is not necessarily correct (e.g. Powell et ai., 1993c). 
Since wear rate is proportional to K1C -4/3 it is to be expected that with an increase in target 
fracture toughness there would be a decrease in erosive wear and that a plot of log K1C v 
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log (wear rate) should yield a line of slope -4/3. 
In a study of Mg-PSZ and alumina by Srinivasan and Scattergood (1988,1991) it was 
found that a slope of -4/3 was indeed obtained when toughness increased from non 
toughened to the first toughened sample. After this point, however, the fit was not as 
good (figure 2.3). It was stated that the R-curve behaviour exhibited by these materials 
made it necessary to modify the fracture toughness values attributed to the target 
materials to better represent the fracture toughness on the scale of impact events. Thus, 
instead of using the asymptotic values of fracture toughness to produce the plot shown in 
figure 2.3, lower fracture toughness values relevant to the size of lateral cracks produced 
on impact should be used. In this case a plot of log (1lKrd versus log (wear rate) gives a 
much better fit to a slope of 4/3. Thus toughness values obtained from double cantilever 
beam experiments can under predict erosion rates and care must be taken to use 
toughness values from experimentally derived R-curves that represent system conditions. 
A similar conclusion was reached by Marrero et al. (1993) on testing two Si3N4 materials 
with different R-curves. They found that asymptotic fracture toughness values did not 
control erosion and concluded that the concept of operative toughness proposed by 
Srinivasan and Scattergood also applies to the Si3N4 materials studied. The problem with 
using operative toughness is that values are required from a portion of the R-curve which 
is difficult to determine accurately. 
Other authors, when examining alumina target materials, have not observed any R-curve 
effects on radial cracks formed by particle impact (Breder & Giannakopoulos, 1990, 
Anderson et al., 1993). Breder and Giannakopoulos (1990) tested 5 different types of 
alumina exhibiting various degrees of R-curve behaviour in mode I testing. Although 
strong R-curve behaviour should be manifest in wear data as an increasing resistance to 
lateral cracking, resulting in less wear than predicted for higher impact velocities, this 
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was found to not be the case. The reason that erosive wear did not scale with R-curve 
behaviour was attributed to the fact that the aluminas exhibit R -curve behaviour due to 
micro cracking under mode I conditions, but in fact mode II conditions occurred during 
erosive wear. In this case R-curve behaviour was not operative and hence no change was 
seen in the wear rate with increasing fracture toughness. The importance of the size of 
the impact for samples showing R-curve behaviour was not considered. It is possible 
that, whilst post-erosion strength results showed a dependence on R-curve behaviour, the 
erosive wear behaviour did not due to the smaller lateral cracks encountered on impact. 
A similar conclusion to this was reached by Zhou and Bahadur (1991) after testing a 
range of aluminas in a gas blast type erosion rig. They stated that, due to the microscale 
of the erosion damage, crack sizes pertinent to the manifestation of R-curve behaviour 
were not reached. It is possible, however, that under more severe erosion conditions R-
curve behaviour may become more important. 
A number of authors have considered the relative hardness of erodent particles, 1\, and 
target, H
t
, as opposed to treating the two properties separately (Wada & Watanabe, 1987, 
Vaughan & Ball, 1991, Muragesh & Scattergood, 1991, Shipway & Hutchings, 1991, 
Wada, 1992, Hutchings, 1992, Shipway & Hutchings, 1996). Wada and Watanabe 
(1987) were some of the first authors to study the effect and relationship between particle 
and target hardness and fracture toughness. They tested four different kinds of target 
material using eight kinds of erodent particles of differing hardness. It was found that as 
the ratio of ~lHt increased there was a concomitant increase in erosion rate, and that for 
Si
3
N
4
, Zr0
2 
and SiC target materials there was a sharp increase in erosion rate above an 
~lHt ratio of one. This was attributed to the fact that when the ~lHt » 1 impact leads to 
plastic deformation and the formation of lateral cracks which leads to material removal 
and higher erosion rates. When 1\ < Ht particles are unable to penetrate the target, 
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therefore lateral cracks are not fonned and the wear rate decreases. It was also noted that 
in the range HJHt < 1 target materials with a low Krc eroded more than the target 
materials with a higher Krc. 
Other authors have found similar trends in hardness ratio but have also considered 
particle fragmentation effects as a significant factor when ~ < Ht • A similar effect was 
noted by Vaughan and Ball (1991) on impacting a range of target materials with Si02, 
A120 3, SiC and diamond erodent. When erodent hardness was less than target hardness 
examination of Si02 and Al20 3 particles using a scanning electron microscope (SEM) 
showed extensive fracture, fragmentation, crushing and edge chipping. In these instances 
wear rates decreased due to impact sites being small and exhibiting plastic defonnation 
with little lateral cracking, leading to the need for mUltiple impacts for material removal. 
Shipway and Hutchings (1991) also noted a critical ratio of particle and target hardness 
to induce lateral cracking when eroding sintered boron carbide. Below this critical ratio a 
chipping mechanism was seen. It was noted, however, that although SiC was softer than 
the B4C target it was hard enough to produce lateral cracking. For a Si02 erodent it was 
shown that particle fragmentation increased as velocity increased such that, despite the 
velocity increase, the erosion rate of the target decreased 
In contrast Murogesh and Scattergood (1991) failed to observe a transition to lower 
erosion rates when ~lHt was less than 1, and suggested that it was the relative fracture 
toughness values of particles and target that control erosion rate. Results obtained by 
Shipway and Hutchings (1991) dispute this since the SiC and Al20 3 erodents had a 
comparable fracture toughness to B4C yet SiC induced lateral cracking and Al20 3 did not. 
Murugesh and Scattergood (1991) concluded that erosion results were consistent with a 
decrease in erosion rate for increased fragmentation, and a measure of the propensity for 
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particle fragmentation was deduced using target and particle toughness, hardness and 
geometry flaw characteristics. It was predicted that fragmentation would increase as 
HiHt increased and stated that earlier work by Wada and Watanabe implicitly included 
Krc/Krct effects that reduced erosion rates by fragmentation, giving the appearance of an 
H/Ht transition point. 
2.2.5 TEMPERATURE EFFECTS 
To date there has been little investigation of the effect of temperature on the erosive wear 
of brittle materials. Wiederhorn and Roberts (1976) studied the hot erosion behaviour of 
a high alumina castable refractory at temperatures up to 1000 °C. At 25°C it was found 
that the erosion rate was a maximum with a 90° angle of impingement. At 1000 °C the 
refractory started to behave like a ductile material since maximum erosion rates were 
observed at low angles of particle impingement. This type of behaviour is indicative of 
target softening and plastic flow leading to material removal and has been noted by 
several authors (Hockey et al. 1978, Wiederhorn & Hockey 1983, Zhou & Bahadur 
1995). Additionally at 1000 °C it was found that particles had become embedded in the 
surface, also leading to the conclusion that plastic flow had taken place. 
Hockey et al. (1978) studied solid particle impact of Al20 3 and hot pressed Si3N4 at 
temperatures up to 1000 °C. The authors noted that material removal still occurred by 
chipping at 1000 °C and that, over the temperature range studied, the general 
morphology of fracture patterns was the same. As found by Wiederhorn and Roberts, an 
increase in particle velocity led to an increase in erosion rate regardless of temperature. 
Also, as previously observed, erosion rate increased at smaller angles of impact at high 
temperatures, thus indicating a plastic flow mechanism at these temperatures. Hockey et 
al. also conducted transmission electron microscopy (TEM) on Al20 3 which indicated an 
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increase in deformation associated with higher temperatures. Above 500°C an increase 
in deformation twinning was observed leading to interactions between slip bands, twins 
and grain boundaries outside the region of contact. 
Like Ritter et al. (1986), who tested sintered Al20 3 impacted with SiC of varying sizes, 
Wiederhorn and Hockey (1983) found that temperatures up to 1000 °C had a marginal 
effect on erosion rate for a number of ceramic materials tested. The fact that changes 
were insignificant, and that cracks were formed in soda lime-silica above the softening 
point of this glass, suggests that for dynamic loading conditions hardness and toughness 
are invariant with temperature. Once again though plastic flow was cited as a cause for 
any variations seen. It had been suggested by Zhou and Bahadur (1995) that the constant 
wear rate with temperature is due to the improvement in ductility being offset by a 
decrease in the strengthlhardness of the material. Their work on alumina ceramics at 
high temperatures showed that there is little effect on erosion rate below 400°C, above 
this temperature erosion rate increases with increasing temperature. It was also found 
that velocity exponent decreased with increasing temperature, since previous work (Zhou 
& Bahadur 1991) on alumina with 4% silicate glassy phase found an exponent of 2.6 at 
room temp while at 650°C the velocity exponent was found to be 1.6. Velocity 
exponents are also reported to decrease with increasing erodent particle size, a 
phenomenon that has been attributed to increased localised heating associated with large 
particle impact (Routbort & Scattergood 1980, Scattergood & Routbort 1981, 
Scattergood & Routbort 1983). Thus external heating would be expected to reduce the 
velocity exponent as seen. 
Ritter et al. (1991) studied the erosive wear of two sintered silicon nitride materials, one 
with a fine grained structure and one with a coarse structure. Both these materials were 
eroded using silicon carbide grit at temperatures up to 1000 °C. It was found that the 
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erosion rate of fine grained material decreased with increasing erosion temperature, an 
effect attributed to a possible change in primary material removal mechanism, while the 
erosion rate of the coarse grained material was not affected significantly by erosion 
temperature. Ritter et al. (1986) also found that there was no temperature dependence on 
erosion rate for sintered alumina samples impacted with silicon carbide particles of 
varying sizes. Surface damage at temperatures up to 1000 °C was seen to consist of 
similar numerous chipped regions. 
The elevated temperature behaviour of a monolithic ceramic (SiC) and a composite (SiC-
TiB2) was studied by Colclough and Yeomans (1992). Below temperatures of 700°C it 
was shown that the erosion behaviour, in tenns of mass loss, was the same for both SiC 
and SiC-TiB2 when impacted with silica. Above this temperature the erosion rate of 
the composite increased significantly. This was attributed to oxidation of the TiB2 
particles leading to preferential removal of the oxide. It was also hypothesised that the 
removal of this oxide allowed further oxidation to occur, and that removal of the TiB2 
particles undennined the remaining SiC matrix. The addition of TiB2 particles therefore 
leads to a decrease in erosion resistance over the matrix material at elevated temperatures 
although responsible for the larger fracture toughness of the composite. Subsequent 
work (Colclough and Yeomans, 1997) involving impacting SiC and SiC-TiB2 materials 
with SiC particles showed different results. Due to the much larger wear rates involved 
the oxidation of the TiB2 particles at elevated temperatures became a much less 
significant factor in the wear process. For both the monolithic material and the 
composite, wear rate was seen to increase with temperature, with the wear rate of the SiC 
always being higher than that of the composite. Increases in wear rate were attributed to 
softening of the target materials leading to larger plastic zones sizes and hence increased 
residual stresses to drive crack propagation. 
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Hence, in common with many room temperature situations, within the regime of elevated 
temperature erosion, wear mechanisms can be very specific to the material under 
investigation. For all changes in erosion parameters, whether a change in temperature or 
a change in target/particle properties, it is necessary to consider carefully the global effect 
on the erosion system. A temperature change can have an effect on the physical 
properties of the target which can totally change the response to erosive wear. Since a 
number of factors, relevant to particle impact, change deciding which factors are most 
important and isolating their effect can be very challenging 
2.2.6 EROSION OF COMPOSITES 
Sykes et al. (1987) were some of the first authors to investigate the erosive behaviour of 
ceramic composites. They studied SiC reinforced alumina matrix composites with SiC 
whisker contents of 5, 15 and 25 weight % using varying alumina erodent particle sizes, 
velocities and impact angles. 
It was seen that the addition of SiC reinforcing whiskers improved the erosion resistance 
of the composite compared to that of the matrix alone over a range of impact angles. 
This is shown in figure 2.4. SEM photomicrographs showed extensive whisker pullout 
to which increased toughness was attributed since the interfacial bond strength between 
fibre and matrix was low. An erosion model was presented which accounted for the 
crack constraining effect arising when lateral cracks intersect the whiskers. 
For situations where there is little constraining effect produced by whisker (i.e low 
whisker content) it is considered that the material is acting as a monolith and thus the 
quasi-static result of Ruff & Wiederhom is used to give erosion rate as 
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11 22 
- -
Va r 3 v 9 2.16 
where r is the particle size and v is the particle velocity 
If the whisker content is high then the expression for erosion rate is modified to take 
account of any interaction between whiskers and lateral cracks and erosion is given as 
4 7 14 
-- - -
V a (c Vf ) 3 r 3 v 9 2.17 
where c is a constant depending on elastic constants, whisker size and interface friction 
shear stress and Vf is the whisker volume fraction. This modified expression is obtained 
because instead of using Roesler's equation (2.2) a different expression for equilibrium 
crack length Cr was used, where 
2. 18 
Experimental trends in velocity and particle exponents generally supported the 
predictions made by the model such that as whisker weight percent increased velocity 
and size exponents decreased, as would be expected when changing from matrix to 
whisker control. Discrepancies in results were stated as possibly due to microstructural 
size to impact event size transitions not accounted for by the models. Alternatively 
processing effects that changed with whisker weight percent were cited. 
Other authors have also observed this increase in erosion resistance with the addition of 
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SiC whiskers to an alumina matrix (Grearson et al. 1989, Olsson et al. 1990, Routbort et 
al. 1990a, Wada 1992). In addition to SiC reinforced alumina, Routbort et al. (1990a) 
also studied Si3N4 reinforced with Si3N4 whiskers and stabilised zr02 containing Al20 3 
whiskers. Although an increase in Krc resulted from the addition of Si3N4 whiskers to the 
Si3N4 matrix, it was found there was a resulting detrimental effect on erosion rate 
throughout the range of particle velocities and sizes. Erosion rates observed with the 
Zr02 composite appeared to be virtually independent of any reinforcing whisker 
additions. 
Observation of impact sites showed a decrease in impact zone size with increasing SiC 
whisker content for the Al20 3 matrix and the reverse effect for the Si3N4 composite. In 
common with erosion resistance, impact zone sizes in the Zr02 composite were virtually 
independent of any reinforcing whisker additions. 
Within the Si3N4 material the whiskers were aligned parallel to the surface (perpendicular 
to the hot pressing direction) and thus were parallel to any lateral cracks formed during 
erOSIOn. Routbort et al. hypothesised that these whiskers therefore provide a low 
resistance path to crack formation leading to the increased erosion rates observed whilst 
the porous and thus low strength nature of the Al20 3 whiskers was cited as a cause for the 
erosion rate being independent of composition for the zr02 material. Any decrease in the 
erosion rates caused by the toughening effect of whisker reinforcement was effectively 
cancelled out by the high erosion rate of the whiskers themselves. 
Routbort et al. (1990b) again showed that the addition of SiC whiskers to an Si3N4 matrix 
did not lead to a beneficial increase in erosion resistance over the monolith. The authors 
cited whisker quality, size and orientation as significant parameters in improving the 
erosion resistance of a ceramic matrix composite. They suggested that randomly 
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orientated whiskers would help to impede lateral crack propagation in all directions and 
thus help to prevent the detrimental effect caused by the addition of Si3N4 whiskers to a 
Si3N4 matrix. 
Morrison et al. (1987) also found that the addition of SiC whiskers to a Si3N4 matrix had 
little effect on the erosion rate, the velocity exponent or the particle size exponent. This 
is shown in figure 2.5, in which the log (erosion rate) is plotted against %SiC whisker 
reinforcement for a particle velocity of 140 m S-I. They found that the addition of SiC 
whiskers led to an insignificant improvement in erosion rate over the monolithic 
material. Observations of SEM micrographs showed that there was virtually no whisker 
pull-out at the free surfaces after erosion had taken place. The authors therefore 
suggested that the increase in fracture toughness observed is due to micro cracking and 
crack deflection, a result of the good interfacial bond strength between whiskers and 
matrix. The lack of systematic trends in particle size or velocity exponents experienced 
by Morrison et al. is in agreement with the lack of whisker pull-out observed on erosion 
surfaces. This was in contrast to the material studied by Wang et al. (1993) in which 
fibre pull-out was the predominant mechanism or Grearson et al. (1989) and Sykes et al. 
(1987), the latter of whom modelled effectively the predominant pull-out mechanism. 
Results of erosive wear tests on composites suggest that microstructural aspects lead to 
deviations from the values of exponents such as hardness predicted by models (Gochnour 
et al., 1990). A combination of high K1C and H seems to be beneficial in wear situations 
(Wang et al. 1993, Olsson et at. 1990) but uncertainties in composite wear properties 
stem from the fact that the aspects of material behaviour relevant to erosion are not fully 
represented by bulk properties such as H and K1C' Wayne et al. (1991) showed that 
incorporating a microstructural aspect to prediction of erosion response leads to predicted 
results that agree more closely with experimental findings. For example, starting with 
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the prediction of Evans et al. (1978) that 
v ex 1 
K 4/3 H1I4 Ie 
2.19 
a microstructural parameter (A) dependent on the size and spacing of TiC particles in an 
Si3N4 matrix was added to better represent the actual wear situation. It was found that, in 
order for erosion resistance to be increased over that of the monolith, the distance 
between TiC particles needed to be less than the size of the impact damage zone. 
Therefore, in terms of erosion resistance, the microstructural aspect was significant. The 
relevance of impact damage size scales with regard to microstructure, specifically R-
curve effects, is also discussed in §2.2.4.1. 
There has been very little work, to date, involved with the modelling of erosive wear of 
continuous fibre ceramic matrix composites. Powell (1993) used an empirical approach 
based on lateral crack studies to predict erosive wear of a unidirectional CAS/SiC 
composite. In a similar way to previous models, wear rate was predicted by a summation 
of material removed per impact, where the volume encompassed by the zone of lateral 
cracking for each impact was known. 
Residual tensile axial stresses in the matrix present due to mismatch in the coefficient of 
thermal expansion between fibres and matrix promote the initiation and propagation of 
lateral cracks (powell et al. 1993a & 1993b) Since these stresses in the matrix increase 
with local fibre volume fraction it was stated that the area of lateral cracking was 
proportional to the local fibre volume fraction for a given load. One hundred percent of 
material associated with lateral cracking was assumed to contribute to wear. Thus 
material loss is dependent on the energy imparted by impact and the local fibre volume 
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fraction. 
A lower bound approximation was made for material loss in which the lamella structure 
of the composite gives rise to matrix rich and fibre rich regions. This is shown 
schematically in figure 2.6. Impacts in the fibre rich region are assumed to be of great 
enough energy to cause lateral cracking, and overlap of laterals leads to complete loss of 
matrix around a fibre to a depth h. Since it is unlikely that fibres will remain intact when 
unsupported and fibre fracture below quasi-static indentations has been observed for this 
system (Powell et al. 1993c), fibre ends are assumed to be removed at the same rate as 
the surrounding matrix. In the matrix region the loss of material depends on the 
load/velocity of impact and the proximity of the impact site to the fibre rich region. The 
radius of interaction between the matrix and fibre rich regions depends on the load 
applied, with decreasing loads leading to a reduction in radius. This relationship was 
determined experimentally from quasi-static indentation. 
In the lower bound model, a core wear rate from loss of material in the fibre rich zones is 
added to a contribution from matrix rich regions. The contribution from matrix rich 
regions is dependent on the erodent velocity since the larger the energy imparted by the 
impacting particles the greater the radius of interaction and the greater the wear rate. 
The upper bound approximation assumes a completely regular array of fibres with at 
least one impact per fibre, each energetic enough to cause lateral cracking. Shown in 
figure 2.7 is a schematic of the type of fibre arrangement that could lead to upper bound 
wear. As with the lower bound approximation overlap of laterals leads to complete loss 
of matrix to a depth h around the fibre. This uniform fibre distribution is more 
susceptible to complete loss of matrix material from the entire surface than the layered 
structure. 
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An impact at each fibre is assumed to lead to complete loss of matrix material from 
lateral overlap, therefore if each particle has the required velocity the number of particles 
required to remove h ~m of material is equal to the number of fibres. A square array of 
fibres is assumed with the number of particles required per unit area being the volume 
fraction of fibres divided by the fibre area. The total mass of erodent is thus simply the 
number of particles required mUltiplied by the mass of one particle. 
The mass loss of composite per unit area, Mcomp, is given by 
2.20 
where pf and pm are the density of fibre and matrix respectively and Vr is the fibre 
volume fraction. Dividing the mass loss from the composite by the required mass of 
erodent gives a composite wear rate, WCOTI1p : 
2.21 
where Pp is the particle density, a is the fibre radius and r is the particle radius. 
Results obtained experimentally for a velocity above the critical velocity to induce lateral 
cracking agree very well with the predicted wear rate using the upper bound 
approximation (powell et al., 1997). A number of deficiencies in the model were cited, 
however, despite the excellent theoretical and experimental agreement. Particle sizes 
used were sufficiently large, in relation to the fibre diameter, that it was likely that a 
single particle was able to impact more than one fibre in regions of high fibre fraction. 
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This was probably offset by lower bound effects relating to the layered structure of the 
actual composite and particle fragmentation effects. 
Following on from this model, it was predicted that at higher temperatures of erosion the 
rate of wear would be reduced. This is due to the residual tensile stresses in the 
composite being relieved and therefore the extent of lateral cracking being reduced. 
2.3 CONCLUDING REMARKS 
This chapter has reviewed the important factors relevant to the erOSIOn of ceramic 
systems and the current understanding on the subject. References have been made to the 
two most commonly quoted erosion models, both of which are based on quasi-static 
indentation analysis. These are by no means the only wear models available since many 
other respected authors have, at some stage, presented a model for erosive wear. 
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Figure 2.1 - Variation of erosion rate with impact angle for ductile (a) and 
brittle (b) target materials (after Hutchings, 1992). 
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Figure 2.2 - Erosion rate versus velocity for angular and rounded 
silica particles impacting a silicate-glass ceramic (after Sparks & Hutchings, 1991). 
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with alumina erodent at nonnal incidence (after Srinivasan and Scattergood, 1988). 
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Figure 2.4 - Erosion rate versus impact angle (r = 135 J.!m and v = 125 m S-I) for a SiC 
reinforced alumina matrix with varying whisker contents. The impacting erodent is 
alumina abrasive (after Sykes et ai., 1987). 
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Figure 2.6 - Schematic showing fibre arrangement for a lower bound wear rate with 
complete loss of material (after Powell, 1993). 
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Figure 2.7 - Schematic showing the fibre arrangement leading to complete loss of 
material within an upper bound wear rate regime (after Powell, 1993). 
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Chapter 3 
MATERIALS AND SAMPLE PREPARATION 
3.1 Introduction 
The first part of this chapter provides a description of the unidirectional and crossply 
composites used in this study. This is followed by a description of the erodent used for 
erosion studies and the specimen preparation carried out prior to microscopy or erosion 
testing. The microscopy techniques employed are then detailed and the results of 
characterisation of the composites and erodent materials are given. Details of the 
technique of X-ray photoelectron spectroscopy and experimental details are given in 
chapter 4 while the methodology used for erosion testing is given in chapter 5. 
3.2 Target materials 
3.2.1 UNIDRECTIONAL CAS/SiC 
The material studied is a unidirectional composite consisting of continuous silicon 
carbide fibre (Nicalon™) embedded in a calcium alumino silicate (CAS) glass-ceramic 
matrix. The material is produced by hot pressing pre-impregnated layers of fibres drawn 
through a CAS slurry. It was supplied by Rolls-Royce in the form of a 150 x 150 x 
2.2 mm thick plate, corresponding to 12 plies i.e. there was a very limtied supply of this 
material. The SiC fibres were produced by the Nippon Carbon Co. with a nominal fibre 
diameter of 15 Jlm, and were present at a nominal fibre volume fraction of 0.34. 
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The matrix material has been identified in the literature (e.g. Bleay et a/., 1992) as 
stoichiometric CaO-A120 3-2Si02, the anorthite phase of the ternary CaO-A120 3-Si02 
system. 
3.2.2 CROSSPL Y CAS/SiC 
The crossply material used m this study was produced in the same way as the 
unidirectional material, and hence was of the same composition. Two different 
configurations of plate were used in the experimental wear studies with both plates 
consisting of stacks of plies approximately 180 Jlm thick. One consisted of eight plies 
sandwiched between double plies on each face orientated at 90° to the central plies to 
produce a [0/904]s lay-up. The other laminate consisted of 12 plies, orientated as 6 
alternate 0° and 90° plies, symmetrical about the central axis to produce a [0/90]3s 
configuration. Both plates were 2.2 mm thick. 
3.3 ERODENT MATERIAL 
3.3.1 SILICA SAND ERODENT 
The erodent used in this study was RHII0 grade silica sand supplied by Hepworth 
Minerals and Chemicals Ltd. The particle size distribution of this grade of sand was 
obtained by sieve analysis and the data provided by Hepworth Chemicals are given in 
table 3.1. Minimal preparation of the erodent was necessary as it was supplied washed 
and dried. However, a scanning electron microscope was used to examine samples of the 
sand in order to confirm the quoted particle size distributions. This also gave the 
opportunity to examine the morphology of the erodent particles. 
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3.4 SAMPLE PREPARATION 
Samples for experimental use were first cut to size using a high-speed Diamant Boart, 
sliding bed cutting machine fitted with a water-cooled 250 mm diameter cutting wheel 
coated with 200 ~m diamond particles. Further cutting was carried out using a Struers 
Acutom 5 fitted with a 12.6 mm 352CA diamond cut-offwheel. 
Samples to be prepared for microscopy were first mounted in Struers epofix cold cure 
resin or bakelite. The face of interest, normally that perpendicular to the fibre direction 
was then polished, using a Struers Planapol-2 polishing machine fitted with a Pedemax-2 
rotating head and associated polishing media. The first stage involved removing any 
cutting damage within the material. The sample was ground flat and at least 300 ~m of 
material removed. For this stage a 20 ~m diamond metal bonded wheel was used. The 
next two stages used 30 ~m diamond and 1 0 ~m diamond resin bonded wheels. The 
lubricant used in all of the first three stages was water. The surface finish was further 
improved using a Buehler Texmet polishing cloth and Buehler Metadi 6 ~m diamond 
suspension. This stage lasted approximately 20 minutes. The final finish was produced 
using Buehler Metadi 1 ~m diamond suspension for a period of 10 minutes. Both the 
6 ~m and 1 ~m diamond suspensions were oil based slurries. A setting of 2 on the 
Planapol equipment was used as a polishing load and samples ultrasonically cleaned and 
dried after each stage. Details of the polishing regime are given in table 3.2. 
When erosion testing, the face to be impacted corresponded to the edge of a plate of 
material, and thus was only 2.2 mm thick. This caused complications in terms of 
locating the specimen centrally within the erodent plume and enhanced edge effects, 
since the erodent plume was approximately 7 mm in diameter. Thus, bars of 20 mm x 
2.2 rom x 9 rom were cut and held side by side, within a purpose built sample holder, to 
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give a total target area of approximately 20 mm x 17 mm. A schematic of the sample 
holder used is shown in figure 3.1. The surface was then polished by hand to a 1 Jlm 
surface finish (see above). Samples were removed for weighing and then replaced in the 
holder which was positioned in the erosion rig so that testing could take place. 
3.5 MICROSCOPY 
3.5.1 EXPERIMENTAL DETAILS 
Reflected light microscopy (RLM) was performed usmg a Zeiss Axiophot light 
microscope operating in the bright field mode. This was adequate for low resolution 
work such as examination of polished surfaces prior to erosion or the study of wear scar 
profiles. 
Higher resolution imaging of the surfaces of wear scars, for example, necessitated the use 
of scanning electron microscopy. Both a Cambridge Stereoscan 250 scanning electron 
microscope (SEM) and an Hitachi S3200N (SEM) with variable pressure facility were 
used during the course of the study. The use of variable chamber vacuum meant that 
samples did not need to be coated prior to examination. This was beneficial in terms of 
sample preparation. Additionally, it was possible to image subsurface damage in the 
same specimen using a Zeiss LSM30 confocal scanning laser microscope (CLSM). Sub-
surface damage of indented or eroded samples was imaged using the internal 633 nm 
HeNe laser, after bringing the samples to optical flatness using a Zeiss specimen leveller. 
The microscope was always operated in the reflected light condition and measurements 
of sub-surface features were made using the computer software associated with the 
equipment. 
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Erodent was mounted for examination by first attaching a small square of double sided 
adhesive tape onto a stub. Sand was then scattered onto the tape and any excess removed 
using aerosol air spray. The stub was then placed in an Edwards S150B coating unit at 
an angle of approximately 30° and sputter coated with gold using a current of 20 rnA and 
a potential of 1 kV for one minute. After this time the sample was tilted 30° in the 
opposite direction and the process was repeated. This was to ensure efficient coverage of 
the erodent particles and so allow sufficient electrical contact to prevent sample charging. 
Imaging was carried out in a Cambridge Stereoscan 250 SEM with an accelerating 
voltage of 2 kV. The accelerating voltage was kept as low as possible, while still 
maintaining sufficient resolution, so that sample charging was minimised 
3.5.2 RESULTS OF CHARACTERISATION 
Figure 3.2 shows a backscattered scanning electron photomicrograph of the CAS/SiC 
composite fibre direction normal to the surface under observation. Backscattered 
imaging was carried out in a Cambridge Stereoscan 250 scanning electron microscope 
(SEM). Samples studied in this way were first sputter coated with gold using an 
Edwards S 150B coating unit with a current of 20 rnA and a potential of 1 kV for a period 
of 1 minute. As can be seen there is some deviation from the 15 ~m average fibre 
diameter, as well as some localised variations from the quoted 0.34 fibre volume fraction. 
Scanning electron photomicrographs of the erodent at two different magnifications are 
shown in figures 3.3 and 3.4. As can be seen from these micrographs the size ranges 
quoted in table 3.1 appear to be in reasonable agreement with those seen visually under 
microscopic examination. The sand was, however, sieved using 100 and 150 ~m 
laboratory test sieves. It was these silica particles, between 1 00 ~m and 150 ~m, that 
were used in all erosion tests in order to limit the spread of velocities within the 
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impacting erodent stream. 
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Table 3.1 - Particle size distribution ofRHI10 grade silica sand as 
obtained by sieve analysis (supplied by Hepworth Minerals and Chemicals Ltd). 
Particle size (Jlm) Weight Percent Retained 
500 0.1 
355 0.2 
250 0.4 
180 5.7 
125 48.8 
90 28.7 
63 13.1 
<63 3.0 
Table 3.2 - Metallographic regime for surface preparation of samples. 
Polishing/grinding surface Lubricant/diamond spray Approximate preparation 
time (mins) 
Struers 20 Jlm diamond, Water Until approx 300 Jlm 
metal bonded material removed 
Struers 30 Jlm diamond, Water 30 
resin bonded 
S truers 10 Jlm diamond, Water 30 
resin bonded 
Buehler Metlap 2 Metadi 6 Jlm oil based 30 
diamond suspension 
Struers DP DUR Metadi 1 Jlm oil based 20 
diamond suspension 
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Bars of Composite 
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Figure 3.1 - Schematic showing the sample holder used for the polishing and erosion 
testing of bars of the composite material. 
Figure 3.2 - Backscattered electron photomicrograph of unidirectional CAS/SiC 
composite, viewed with fibres perpendicular to the free surface. 
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Figure 3.3 - Scanning electron photomicrograph ofRHllO grade silica sand erodent. 
Figure 3.4 - Scanning electron photomicrograph of RH IIO grade silica sand erodent. 
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Chapter 4 
X-RAY PHOTOELECTRON SPECTROSCOPY 
4.1 INTRODUCTION 
The aim of the X-ray photoelectron spectroscopy (XPS) investigation was to examine the 
possibility that chemical changes were occurring at the fibre/matrix interface, or free 
surface, at elevated temperatures. Any such changes could lead to changes in the 
response of the material to solid particle impact at these elevated temperatures. XPS was 
chosen as a technique for two reasons. Firstly it was changes in the sample surface that 
were to be examined and XPS is a very surface specific technique. 95 per cent of the 
signal in electron spectroscopy emanates from a depth of 31..:, where /..,* is the inelastic 
mean free path of an electron. Since inelastic mean free paths are of the order of 
nanometres it is easy to appreciate the surface sensitivity of the technique. Secondly is 
the chemical specificity i.e. the ability to identify not only the elements present but also 
their chemical state. 
To discuss in detail the theory of the XPS technique is beyond the scope of this thesis. 
However, some of the instrumentation and basic theory of the technique have been 
considered in the following sections. For more detailed information the reader is directed 
to publications by Watts (1990) and Briggs and Seah (1990) where the subject is 
reviewed comprehensively. Following this, details are given of the sample preparation 
and experimental method undertaken in this study, and results presented and discussed. 
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4.2 THE ELECTRON EXCITATION PROCESS 
X-ray photoelectron spectroscopy involves the analysis of low energy electrons ejected 
from a sample following a photoemission process. These electrons have energies in the 
range 20-1500 e V. The physical process involved in the excitation of an electron from a 
sample is shown schematically in figure 4.1. The kinetic energy of the emitted 
photoelectron (EJ depends on the photon energy (hu) of the X-rays used. In the XPS 
experiment it is the binding energy of the emitted photoelectron (~), not the kinetic 
energy, which is characteristic of both the core levels and the chemical environment of 
the atoms, ions or molecules involved. The relationship between these three parameters 
is given in equation 4.1 below 
* Eb = hv - Ek - W 4.1 
where W* is the work function of the spectrometer. 
4.3 EQUIPMENT FOR XPS 
The equipment used for this type of analysis consists of a source of primary radiation (X-
rays) used to excite electrons from the sample under investigation. These electrons then 
pass into an analyser which measures their kinetic energy and these data are then 
converted into a spectrum representing the elemental and chemical composition of the 
material. Radiation sources are nonnally AlKu or MgKu. Conditions of ultra high 
vacuum (UHV) are required (10-8 - 10-10 mbar) and thus samples to be analysed must be 
stable under these conditions. One reason for using UHV is that low energy electrons are 
easily scattered by residual gas molecules, leading to increased noise within the spectrum 
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and decreased spectral intensity. More significant is the absorbtion of gas molecules 
onto the sample surface, a monolayer of which will take only one second to be absorbed 
onto the surface at a pressure of 10-6 mbar. With typical acquisition times being of the 
order of 900 seconds this represents a significant contamination of the sample surface. If 
experiments are performed at 10-9 mbar, however, then many more analyses can be 
carried out. 
Figure 4.2 shows a schematic of the analysis chamber and analyser of a typical 
spectrometer indicating the spatial relationship between the X-ray source, sample and 
analyser. X-ray sources are usually of the twin anode type to enable either AlKa and 
MgKa photons to be selected. The material for these anodes is chosen so that the 
photons produced have an energy high enough to excite intense peaks from all elements 
of the periodic table, and have a reasonable natural line width so that spectral resolution 
is satisfactory. A separate filament is used for each anode giving the facility to 
differentiate between Auger and photoelectron transitions when the two overlap at the 
same peak position. AlKa photons (1486.6 eV) have an energy 233 eV higher than 
MgKa photons (1253.6 eV). Therefore photoelectron peaks will appear 233 eV higher 
on a kinetic energy scale when switching from MgKa to AlKa radiation. Photoelectron 
peak positions will, however, remain the same. 
Although AlKa and MgKa radiation have peaks at 1486.6 eV and 1253.6 eV 
respectively the X-ray spectrum also contains a continuous Bremstrahlung background 
radiation. It is this Bremstrahlung radiation that can lead to the formation of Auger peaks 
within a spectrum, not directly accessible, as a result of the ejection of core electrons, 
with a binding energy greater than the characteristic photon energy. The use of Auger 
peaks to calculate Auger parameters is discussed in section 4.5. 
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By using an X-ray monochromator it is possible to remove the Bremstrahlung radiation 
to give a single, narrower line (0.4 eV instead of 1.00 eV for AlKa radiation) and thus 
increase spectral resolution. This also has the effect of removing satellite peaks. X-rays 
are passed through a quartz crystal sited on the surface of the same Rowlands circle as 
the source and the sample. The only disadvantage with monochromated radiation is the 
reduced X-ray flux, leading to increased acquisition times to achieve spectra of suitable 
quality. In cases where elemental concentrations are low it may even be preferable to use 
an unmonochromated source and a deconvolution routine to resolve peaks. 
The most common type of analyser used for XPS is the hemispherical sector analyser 
(HSA), the configuration of which is shown in figure 4.2, which gives the high spectral 
resolution required for the XPS technique. The electrons to be analysed are retarded by a 
fixed voltage before entering the hemisphere such that electrons with the required pass 
energy are detected and counted. To obtain a complete spectrum the retarding energy is 
ramped to allow the complete range of electrons to be counted at the detector, thus 
producing a spectrum of electron energy versus electron counts. 
4.4 QUANTITATIVE AND QUALITATIVE 
INTERPRETATION OF SPECTRA 
The photoelectron spectrum obtained for a material may be used to provide an indication 
of the range of elements present, through to complete analysis of chemical states and 
phase distributions albeit at relatively low spatial resolution. The first stage of an 
analysis consists of a survey scan between about 0 and 1000 e V on a binding energy 
scale. This can be used to qualitatively identify the elements present in a sample (see 
figure 4.3 for examples of survey spectra from a CAS/SiC composite. An XPS survey 
spectrum is composed of photoelectron peaks, Auger peaks, background radiation and a 
valence band at between 0 and 20 eV. The individual peaks can be identified from data 
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in tabular form, or more commonly using the computer routine associated with the 
spectrometer. 
Peaks can, in some cases, be obscured by the background signal caused by scattering of 
the photoelectrons in the matrix, although this background does yield information about 
the arrangement of near surface layers. A surface with no overlayer will yield a 
photoelectron peak with a slightly negatively sloping or horizontal background whilst if a 
thin overlayer is present then the background associated with peaks from the buried 
phase will have a positive slope. A deeply buried phase will only be detectable by the 
change in background slope at the appropriate energy, with no photoelectron peak being 
visible. 
X-ray satellite induced peaks and ghost peaks are also encountered within a 
photoelectron spectrum but yield no useful analytical information. X-ray satellites are 
minor components of an unmonochromated X-ray source. These excite minor peaks at a 
higher kinetic energy as labelled in figure 4.4 AlKa radiation, for example, will also 
contain small quantities of AlKP radiation. These satellite peaks only lead to difficulties 
where they overlap another peak representing an element present in small quantities. 
Switching to another source such as MgKa will move the satellite peaks enough to 
reveal the obscured peak present at low count rates. Auger peaks do not have associated 
satellite induced peaks due to their formation being a three electron process. Ghost peaks 
usually only occur due to badly aligned sources or damaged anodes. X-rays from one 
anode of a twin anode source may irradiate the adjacent anode leading to emission of 
unexpected x-ray energies in small quantities. Alternatively a damaged anode which has 
the copper substrate exposed may lead to CuLa radiation to be emitted. 
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Quantitative analysis involves calculation of the integrated area under a peak after 
subtraction of the background. This peak area is then divided by a sensitivity factor and 
the atomic percentage of the element is represented as a function of the sum of all 
normalised intensities. Sensitivity factors are experimentally determined values 
incorporating factors such as the cross section for photoelectron production and the 
electron inelastic mean free path. In a real situation the area of all peaks would be 
calculated using a computer routine after the operator has defined the background shape. 
The routine would then calculate atomic percentages using predefined sensitivity factors 
applicable to the spectrometer being used. 
4.5 THE USE OF AUGER PARAMETERS FOR ANALYSIS 
As was mentioned earlier it is often found that Auger peaks are induced in a 
photoelectron spectrum, these can serve as a useful aid to the identification of 
compounds within a material. 
The use of Auger parameters avoids the problem of the small chemical shifts observed in 
photoelectron peaks. These difficulties are often compounded by electrostatic charging 
of the sample during acquisition of the spectra. Castle and West (1979, 1980) drew 
attention to the fact that these problems can be overcome by the use of Auger peaks 
within a photoelectron spectrum. These Auger peaks are induced by the Bremstrahlung 
radiation inherent in an unmonochromated XPS source. The binding energy of a Si 1 s 
core electron is around 1840 e V and thus any of the background Bremstrahlung radiation 
above this energy will be able to eject a core Sils electron. Since the Sils electrons are 
excited by Bremstrahlung radiation, and therefore the photon energy hv has a range of 
values, the Si 1 s electron merely contributes to the background. This will lead to an 
Auger transition and the SiKLL Auger peak. Thus in a spectrum of a sample containing 
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silicon not only will there be Si2p and Si2s peaks produced but also SiKLL transitions. 
The SiKLL transition shows a more marked shift with chemical composition than the Si2p 
and Si2s peaks. By combining the binding energy of the Si2p peak and the kinetic 
energy value of the SiKLL peak an Auger parameter (a*) can be defined, which can be 
used to compare differing silicon compounds within samples. 
* a 4.2 
Combining the kinetic energy and binding energy values in this way also serves to negate 
any sample charging that is occurring. 
When comparing samples irradiated using the same X -ray source the hu term in equation 
4.2 is also the same and thus it is only necessary to compare the two values of ~(KLL) + 
~(2p ) to search for any changes in chemical composition. 
4.6 EXPERIMENTAL METHOD 
An XPS study of as-received and heat treated samples of a CAS/SiC composite was 
carried out in order to examine any changes in composition brought about by heating at 
1000 DC. 
A surface perpendicular to the direction of the fibres was first argon ion etched (AlE) for 
a period of ten minutes with a current of 30 /-lA ion energy. This was to ensure a clean 
"as-received" surface. A survey spectrum between 0 and 1200 eV on a binding energy 
scale was then obtained using Mg Ka radiation. After this, high resolution spectra, 
approximately 30 eV wide, were obtained for all peaks of interest. This sample was then 
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sealed into a clean silica tube and heated at 1000 °C for 24 hours. The sample was sealed 
from the atmosphere within the furnace to prevent contamination during heating that 
would disrupt any subsequent examination by XPS. The silica tube did, however, 
contain air so that any oxidising reactions were able to take place, and thus furnace 
conditions minus contaminants were represented. The sample was then removed from 
the silica tube and further survey and high resolution spectra were obtained, enabling a 
comparison to be made of the two conditions. 
It was decided that the use of silicon Auger parameters would be a useful means of 
carrying out this comparison. Any significant shift in Auger parameter between samples 
could be used to indicate changes in composition. 
4.7 RESULTS AND DISCUSSION 
Figure 4.3 shows survey spectra for an argon ion etched and a heat treated sample of the 
CAS/SiC composite. As would be expected, strong peaks are seen for calcium, oxygen, 
silicon and aluminium. The carbon peak is an indication of the level of contamination 
present which in this case is quite acceptable and unlikely to hide or affect other peaks. 
The Auger parameters calculated from Si2p and Si KLL peaks for the heat treated and 
argon ion etched samples are shown in table 4.1. The values shown have not had the 
value of photon energy for Mg Ka radiation (1253.6 eV) subtracted. 
As can be seen, changes in Auger parameter between heat treated and AlE (untreated) 
samples are of the order of tenths of an eV. Due to the fact that the peaks produced by 
XPS are not exactly defined there is an experimental uncertainty, of approximately 
± 0.1 eV on each peak giving an error of ± 0.2 eV on the Auger parameter. This means 
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that variations in Auger parameter calculated are within the window of experimental 
variation. It is for this reason that it is not possible to conclude that a chemical change 
has occurred on heating to 1000 °C. A further advance in the experimental technique 
may lead to a conclusive detection of chemical changes during heat treatment. Currently 
results are limited by the degree of experimental uncertainty in defining the Auger and 
electron peaks. Another factor is the inability to measure small areas of the sample, i.e. a 
single fibre and an area on the sample containing no fibres. 
Further work could include small area XPS (50 Jlm) such that only a region associated 
with the fibre/matrix interface is analysed. In this way the averaging out of any chemical 
changes caused by the large (10 mm2) area of acquisition could be avoided. 
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Table 4.1 - Auger parameters calculated for heat treated and AlE samples. 
Treatment Auger Parameter 
1000 °C for 24 hours 1711.26 1711.42 -
Argon Ion Etched 1711.58 1711.64 1711.72 
• 
ejected K electron 
(Is photoelectron ) 
/// 
L 1,) 
L 1 
K 
-- vacuum 
--- Fermi level 
valence band 
Incident x-ray 
(hv) 
Figure 4.1 - Schematic of the XPS process, showing photo ionisation of an atom by the 
ejection of a Is electron (after Watts 1994). 
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Chapter 5 
EROSION EXPERIMENTATION TECHNIQUES 
5.1 INTRODUCTION 
The first part of this chapter details some of the different types of apparatus available to 
researchers wishing to perform erosive wear tests. Differences in designs are highlighted 
along with advantages and disadvantages associated with the different configurations of 
apparatus. This is followed by a consideration of the experimental variables within a gas 
blast type of erosion rig. Finally the experimental methods used in this work are 
presented. 
5.2 REVIEW OF APPARATUS DESIGN AND TESTING 
5.2.1 EROSION TESTING APPARATUS 
In order to assess the likely effects of erosive conditions in service it is generally 
necessary to use laboratory techniques, since testing under service conditions is not 
practical due to the time required and the complexity of most eroding systems. It is thus 
necessary to replicate the important features seen under service conditions such that the 
time of testing can be reduced without changing the mechanisms of erosion. 
The need to replicate in-service erosion situations in a laboratory context has meant that 
apparatus designs are often governed by the conditions being reproduced. Thus, as yet, 
there are no specific design criteria for erosion testing apparatus and designs tend to 
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differ significantly between research groups. Certain guidelines for erosion testing, such 
as ASTM G76-83, do, however, exist. ASTM G76-83 outlines standard practice for 
conducting an erosion test using gas blast apparatus and allows for deviations from the 
suggested design whilst recommending some nozzle parameters. 
Three other principal designs of laboratory equipment, 1.e. particle free fall (e.g. 
Venkataraman and Sundararajan, 1989), whirling arm (e.g. Goodwin et aI., 1969) and 
centrifugal particle accelerator (e.g. Soderberg et aI., 1981, Kosel et aI., 1979) will be 
discussed briefly followed by gas blast erosion (e.g. , Chevallier et aI., 1995, Lindsley et 
ai., 1995, Wiederhom and Roberts, 1976) which is the type of rig used in this study. 
Probably the simplest design is that using particle free fall. The main limitation of this 
type of apparatus is the low particle velocities obtainable and the relatively large particle 
sizes required (of the order of mm). Venkataraman and Sundararajan (1989) used this 
type of equipment to represent solid particle erosion of copper at very low impact 
velocities and reproduce conditions seen in pipes conveying solids pneumatically. 
An example of a design of whirling arm erosion testing apparatus is shown schematically 
in figure 5.1. Two test pieces are attached at either end of a rotating arm such that they 
pass through a stream of erodent dropped from a hopper. Erodent impact angles are 
altered by tilting the samples at the end of the arm and it is assumed that when they strike 
the moving target surface the particles are, in fact, stationary. Measurement of impact 
velocity is simpler and more accurate with this type of apparatus being merely the 
tangential velocity, raO), where ra is the arm radius and 0) is the angular velocity. It is 
more difficult to determine how many particles impact the specimen surface, with 
additional problems arising from airflow around the target influencing the trajectories of 
smaller particles so that they impact at a modified angle or velocity. These effects can, 
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however, be minimised by operating the rig under vacuum (Goodwin et aI., 1969), which 
also allows higher speeds to be used for a given power due to the reduced drag. 
The centrifugal erosion tester or slinger type apparatus consists of a central, horizontal, 
rotating tube into which particles are fed via a hopper. These particles are then 
accelerated towards the ends of the tube where they exit with a velocity, defined by the 
velocity of the end of the tube, to hit specimens situated concentrically around the 
rotating tube. The main advantage of this type of erosion tester is the ability to test a 
number of different specimens at the same time, thereby ensuring identical erosion 
conditions. There is, however, a scatter in particle velocity and angle of impingement 
across the surface of the target which needs to be considered. 
Gas blast erosion rigs, a schematic of which is given in figure 5.2, are probably the most 
frequently used type of apparatus. The apparatus used in the current study is of this type 
and is described in § 5.3.1. Authors who have used this type of equipment include 
Shipway and Hutchings (1994), Wiederhom and Roberts (1976) and Lindsley et al. 
(1995). Erodent parameters such as particle size and shape can have wide ranging 
values; erodent velocity is normally simple to alter whilst other variations can include 
nozzle materiaVdiameter, type of carrier gas and impingement angle. Problems can arise 
at high particle fluxes when particle rebound effects and particle/particle interactions 
within the acceleration tube can become important. Effects such as these have been 
discussed in § 2.2.3.5. With small erodent sizes, deflection of the gas flow, and hence the 
erodent particles, around the target can lead to uncertainties in particle velocities and 
impact angles. Particle velocity calibration is often more complicated for this type of 
system than the others mentioned since velocity must be determined as a function of gas 
flow and temperature. One widely used technique for measuring particle velocity is that 
of the double disc method (Ruff and rves, 1975). High speed photography and 
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optoelectronic infra-red sensor (Stevenson and Hutchings, 1995a) are other methods 
which can be employed to determine particle velocity, but the most accurate method is 
that of laser doppler velocimetry. This method, like high speed photography and 
optoelectronic sensors, allows the measurement of particle velocity without disrupting 
the flow. Results obtained will be average particle velocities due to the fact that the 
erodent particles will never be all exactly the same size and thus there will always be a 
range of particle velocities within the gas stream. An acceleration nozzle with an aspect 
ratio (length to diameter) greater than 20 will help to minimise this effect since the 
particles will have longer to attain the velocity of the carrier gas. 
Results obtained using this type of erosion apparatus tend to be quite sensitive to changes 
in experimental conditions such as velocity, an effect discussed by Ruff (1986). It was 
discovered that there were significant variations in results between laboratories, even 
though experimental conditions were very similar. Measurements of impact velocity 
were cited as the principal source of random error within the studies. 
As can be seen there are a number of different designs of erosion test equipment in use 
which leads to differences in test conditions and thus results that are often difficult to 
compare between researchers. There are even differences in the way in which calculated 
erosion rates are reported, although erosion rates are given most directly as mass loss of 
target material per mass of erodent. Erosion rates can also be given as volume loss of 
target per mass of erodent, as suggested by ASTM G76-83, or volume loss of target per 
particle impact after suitable adjustment for densities or particle volume. 
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5.2.2 EXPERIMENTAL VARIABLES WITHIN A GAS BLAST EROSION RIG 
5.2.2.1 Introduction 
Whilst some general parameters pertinent to erosion testing within a gas blast erosion rig 
are discussed in § 2.2.3 to § 2.2.5 this section deals with variables more specific to the 
type of apparatus used in this study. Even though a comparison of inter-laboratory 
testing conducted by Ruff (1986) showed that experimental variables can have a 
significant effect on reported results, few studies have been made to consider the effect of 
these variables on erosion data. Results suggested that particle velocity, flux and nozzle 
geometry all have an effect on erosion results, therefore some of these factors are 
discussed in this section. It was stated that an absolute wear rate for a material is difficult 
to define since many of the experimental conditions such as stand-off distance or velocity 
are constraints imposed by the particular piece of apparatus in use and have significant 
effects on results. It has become necessary, until a standardised erosion test methodology 
is universally accepted, to define carefully the conditions of the erosion tests carried out 
within the various designs of gas blast erosion rig. 
5.2.2.2 Velocity calibration 
For techniques such as particle free fall, and the slinger type apparatus, velocity 
calibration can be relatively straightforward. Within a gas blast erosion rig, however, 
velocity measurement needs to be carried out as a function of operating variables such as 
gas pressure and nozzle diameter. Techniques used are based on time-of-flight 
measurements, the most common, due to its simplicity and low cost, being the double 
disc method of Ruff and Ives (1975). In this method two rotating discs on a common 
shaft are placed directly underneath the erodent stream as it exits the acceleration nozzle. 
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The upper disc has a radial slit that allows a section of the erodent stream to hit the lower 
disc as it passes beneath the nozzle exit, giving an angular shift between the impact 
pattern and the slot (see figure 5.3). 
The average velocity of the erodent particles over the distance L between discs is then 
given by 
2nRvL 
V=--- 5 1 
S 
where R is the distance of the marks from the disc centre, v is the angular velocity of the 
discs and S is the separation of the eroded marks obtained when the discs are rotating and 
another mark formed by passing erodent particles through the slit when the discs are 
stationary. A more detailed description of the experimental method used in this study is 
given in § 5.3.3. At low velocities and small erodent sizes, problems can be encountered 
due to the spread of the impact patterns leading to ambiguity in locating the centres of 
these marks. Ruff and Ives suggested that the turbulence effects of the discs on the 
gas/particle mixture would be the most important source of errors, and this would be 
most significant at low velocities. 
A further variation on this method, suggested by Ruff and Ives, was to have a slit in both 
discs, the lower being offset at an angle such that particles pass through both slits. An 
ultrasonic contact transducer is placed below the lower disc, in line with the nozzle, such 
that the particle impact produces an output which can be viewed on an oscilloscope. The 
disc velocity is then varied until a maximum output is recorded in the transducer, 
corresponding to maximum particle transmission through the slits. 
A further modification was made by Hovis et al. (1985) involving a "paddle wheel" 
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configuration. The system consists of eight slits with a paddle behind each, running 
between the discs, at varying offset distances. During a run, the distance of the impact 
pattern on the paddle from the upper disc varies with the offset between slit and paddle. 
A plot of distance of the impact pattern from the upper disc versus offset distance can 
then be drawn and the velocity of the particles detennined from the slope of the resultant 
plot. It was shown that problems in reading standard double disc impact patterns of fine 
abrasives were alleviated and velocity spread could be determined simultaneously using 
the paddle wheel set up. 
Shipway and Hutchings (1993) used an optoelectronic time-of-flight measurement to 
detennine particle velocities. Two GaAlAs infra-red LEDs were used to measure the 
time-of-flight of particles over a distance of approximately 13 mm. A particle passing 
through both beams causes a clock running at 1 MHz to be triggered on then off, thus 
digitally recording the time interval between passing through both infra-red beams. The 
results obtained using this method are presented in the fonn of a velocity distribution 
with a well defined narrow peak corresponding to the true particle Velocity. The 
distribution was caused by interactions where particles only crossed one beam or the 
clock was triggered by one particle and stopped by a different particle. Taking the error 
to be half width at half maximum height results quoted vary by about ± 8 %. Later work 
by Stevenson and Hutchings (1995a) showed that for silica sand, glass ballotini and 
silicon carbide grit over the range 17-85 m S-1 results obtained using the double disc 
method and optoelectronic method agreed to within 5 %. It was suggested that the small, 
systematic tendency for the double disc method to yield higher velocities was due to the 
faster particles making a greater contribution to the wear scar than the slower particles. 
Stevenson and Hutchings continued by suggesting a simple empirical scaling law for 
velocity as a function of particle size, particle density and gas pressure which was valid 
over a wide range of conditions. It was found that the theoretical model developed by 
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Ninham and Hutchings (1983) significantly underestimated particle velocity, largely due 
to the fact that, like other models, it fails to take into consideration the particle/particle 
and particle/nozzle interactions. 
5.2.2.3 Influence of nozzle parameters 
According to ASTM G76-83, the recommended nozzle for use in a gas blast erosion rig 
has an aspect ratio of at least 25: 1 in order to achieve an acceptable particle velocity 
distribution. It is suggested that this aspect ratio is achieved using a nozzle 50 mm long 
with an internal diameter of 1.5 mm. An examination of the literature would seem to 
suggest that most research groups, whilst using a nozzle aspect ratio confonning to the 
ASTM recommendation, use nozzles of larger internal dimensions. 
Effects due to nozzle geometry and internal nozzle roughness have been studied by 
authors such as Stevenson and Hutchings (1995b) and Shipway and Hutchings (1993). 
Shipway and Hutchings used drawn type 304 stainless steel tubes with a range of six 
internal roughnesses and two types of erodent, 125-150 Jlm angular silica sand and 
spherical glass particles. The internal roughness was varied by passing various amounts 
of angular silicon carbide through the nozzle or, as in the case of the nozzle with the 
greatest roughness, leaving in the as-received state. Surface roughness was detennined 
using a diamond stylus profilometer to take measurements longitudinally on sectioned 
nozzle lengths while particle velocity was measured using an optoelectronic time-of-
flight method (see § 5.2.2.2). The shape of the particle plume was determined both 
optically and via the effect of erosion on flat targets coated in blue marking dye and 
placed at various stand-off distances. It was found that with an increase in roughness 
there was an increase in particle divergence, and hence scar radius, on exiting the nozzle 
for both types of erodent studied. Also, the increased nozzle roughness led to a decrease 
67 
Chapter 5: Erosion Experimentation Techniques 
in velocity for all driving pressures, the most marked effect being seen for the glass 
ballotini which also showed an increased spread in velocities. These results were 
attributed to the rebound characteristics of the particles along the nozzle lengths. As 
roughness increased the rebound angle for some of the glass ballotini increased and thus 
they exited the nozzle at a greater angle of divergence leading to a greater scar radius. 
The higher exit velocities seen for angular particles were attributed to differing rebound 
characteristics. Whilst spheres will rebound at an angle similar to the angle of incidence, 
rotation of the sharp particles means that the rebound angle can be less than the impact 
angle. This leads to a higher average acceleration along the nozzle and a decreased exit 
angle with respect to the glass ballotini. 
Thus throughout erosion testing it must be remembered that if the nozzle roughness 
changes due to continued testing then the particle velocities can change. Continued 
monitoring of velocities is, therefore, required to account for changes in nozzle surface 
morphology. Changes in nozzle exit angle may also change wear rates derived 
empirically since, for example, for brittle materials a decrease in nozzle roughness may 
lead to an increase in erosion rate due to a greater proportion of particle impingement 
angles tending to 90° during testing. 
Further work by Stevenson and Hutchings involved examining the effect of nozzle 
dimensions on variables such as particle exit velocity and particle divergence. Again the 
removal of blue marking dye from aluminium plates was used as a method of 
determining particle divergence while an optoelectronic method was used to measure 
particle velocity. It was found that nozzle length had little effect on particle velocity for a 
fixed driving pressure. Where nozzle length does become important is in allowing 
enough time for a development length, over which the boundary layer formed when a 
fluid enters a tube has grown to fill the entire tube. For particle flow it was found that a 
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nozzle aspect ratio of more than 17: 1 was adequate to ensure entry effects were 
negligible. It was concluded that nozzle length is not an important parameter as long as 
the aspect ratio is larger than approximately 20: 1, in this way flow is fully developed and 
divergence of the particle stream is independent of nozzle length. No studies have so far 
been carried out on the effect of nozzle diameter on erosion test data. It might be 
hypothesised, however, that a decrease in nozzle diameter would lead to a decrease in the 
maximum possible particle rebound angle, thus yielding a smaller particle divergence on 
exiting the nozzle. It may, however, become necessary to reduce particle flux in order to 
avoid increased particle/particle interactions within the nozzle leading to a consequent 
increase in the time required to perform an erosion test. Other problems that may be 
encountered by a decrease in nozzle diameter are that the wear scar becomes deeper with 
a decrease in radius. This is undesirable due to the range of impact angles reSUlting from 
the geometry of a deep pit. Also secondary impacts and turbulence at the bottom of the 
pit lead to particles impacting at a variety of impact angles and hence true impact angle 
becomes impossible to determine. 
5.3 EXPERIMENTAL DETAILS 
5.3.1 DESCRIPTION OF APPARATUS USED 
The rig was originally designed for BP Research and installed at their laboratories at 
Sunbury-on-Thames. It was moved to the University of Surrey before the project 
commenced but had to be rebuilt and commissioned as part of this proj ect. A schematic 
diagram of the erosion apparatus used in this study is shown in figure 5.4. Any numbers 
quoted in the text refer to the numbers of the components given in figure 5.4. Air is 
supplied from a compressed air ring main and regulated down to approximately 105 Pa. 
The air passes through an in-line filter to remove any moisture and air borne particulates 
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and enters the erosion rig through a three way valve connected to a safety cut-out 
solenoid (29). The three way valve allows either compressed air or controlled 
atmospheres, such as nitrogen from a gas cylinder, to be used as the propellant gas. Air 
flow through the rig is controlled by three flow meters (30, 31, 32) representing coarse, 
medium and fine controls respectively. Flow rates available are 0 to 50 I min-Ion the 
coarse control, 0 to 5 I min-Ion the medium and 0 to 0.6 I min-Ion the fine. From here 
gas is carried up to the erodent hopper via 0.64 mm (outside diameter) copper tubing. 
Erodent is fed into the air stream using a screw feeder driven by a variable feed motor. 
From the hopper, erodent particles are fed into a flexible reinforced polyvinylchloride 
pipe ofintemal diameter 10 mm (58) and down to a silica glass acceleration tube, shown 
schematically in figure 5.5. The acceleration tube is situated in a pre-heater and 
protrudes into the furnace below. The pre-heater is used to heat the gas/erodent mixture 
within the accelerating tube prior to entering the furnace below in which erosion tests can 
be carried out on samples at temperatures up to 1000 DC. 
The sample is situated within the furnace at the required impact angle, measured as the 
angle between the particle stream and the target surface. The furnace has a small 
removable plug door (115 mm x 150 mm) which can be used to give access to the 
furnace for loading and unloading samples. It is also possible to remove the entire front 
face of the furnace for cleaning or repair operations. 
An exhaust tube protrudes from the bottom of the furnace and leads to a water cooled 
cyclone and on to a vacuum filter system which removes all erodent particles before the 
gases exit via an extraction system. 
Thennocouples are located within the pre-heater section to provide a temperature readout 
70 
Chapter 5: Erosion Experimentation Techniques 
and over-temperature alarm. Similarly, thermocouples in the main furnace are connected 
to left- and right-hand side main furnace over-temperature alarms and furnace 
temperature readout. Further alarms are connected to cooling water supply (flow meter 
28), safety guard and high pressure sensors. The high pressure alarm will trip should the 
vacuum extractor fail. In the case of any of the alarms being activated the furnace heater, 
gas supply, and screw feeder are all shut off. 
During the course of the study the erosion rig was modified to allow higher gas flow 
rates and hence higher particle velocities to be obtained. This involved simply by-
passing the flow meters (30, 31, 32) by fitting a three way valve immediately after the 
cut-out solenoid (29) and adding a length of copper tubing to join the single line after the 
four way connector (47). A valve was also added between this new three way connection 
and the four way connector (47) so that gas could be prevented from flowing the wrong 
way through the flow meters when this bypass route was in use. Gas flow was then 
controlled by using the wall mounted gas regulator so that pressures of up to 4 x 105 Pa 
could be used. 
5.3.2 PARTICLE VELOCITY MEASUREMENTS WITHIN THE GAS BLAST 
EROSION RIG 
5.3.2.1 Double disc method 
Solid particle velocity measurements within the erosion rig were measured using the 
method of Ruff and Ives (1975). 
The apparatus consisted of a pair of 60 mm diameter metal discs cut from 1.5 mm 
aluminium sheet and mounted on a common shaft which was rotated underneath the 
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erodent stream by means of a simple DC motor. The upper disc had a radial slit of width 
2 mm which allowed the particle stream through to strike the second disc below. The 
lower disc was coated with paint so that an easily visible mark was produced. In order to 
measure the particle velocity two marks were made on the lower disc, one with the disc 
stationary and one with the disc rotating. The angular displacement of the two marks 
gave an indication of the time-of-flight of the erodent particles between the two discs. 
The experimental procedure began by mounting the discs and motor below the exit of the 
acceleration tube so that the slit in the upper disc was aligned with the nozzle exit. A 
brief exposure to the erodent particles, sufficient to fonn a mark on the lower disc, was 
then made with the discs stationary. Next the motor was set running and a second, longer 
exposure was made. The length of this second exposure was dependent on the slit width. 
The width of the slit also detennined the width of the erosion marks produced, which 
need to be kept to a minimum. If the marks are too wide it becomes more difficult to 
resolve them and thus measurements become more difficult. 
Two rotational speeds were used during testing, the higher one being reserved for larger 
particle velocities when the flow meters were by-passed so as to ensure adequate 
separation of the eroded marks. Rotational speed was measured using an optical 
tachometer (Compact Instruments Ltd, Compact Concorde) after each run. The main 
purpose of this experimental procedure was to calibrate the erosion rig so that at any gas 
flow rate used the erodent particle velocity would be known. 
5.3.2.2 Results and Discussion 
A plot showing the gas flow rate versus particle velocity for gas flow through the flow 
meters at room temperature is given in figure 5.6. The results show that the maximum 
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particle velocity for the sieved silica sand was approximately 25 m S-I, a value that is 
limited by the maximum gas flow rate obtainable. Figure 5.7 shows gas pressure versus 
particle velocity for the situation when the flow meters had been by-passed using the 
modification discussed in § 5.3.1. As expected the much higher gas flow rates attainable 
give significantly higher particle velocities. 
Inaccuracies in results obtained will be due to inaccuracies in measurement and also 
turbulence of the gas/particle mixture caused by the rotation of the discs. Also the 
inability to set exactly the same gas flow rate for each test would lead to some spreading 
of the data. Ruff and Ives stated that the velocity values calculated using this technique 
were accurate to within 10 %. It can be seen from the data that the variation of velocity 
about the mean is within 10% up to pressures of 2.5 bar. At 3 bar and above gas velocity 
readings are slightly more variable, probably due to the aforementioned difficulty in 
obtaining identical settings at high flow rates. 
5.3.3 OPTIMISING PARTICLE FLUX 
5.3.3.1 Experimental Procedure 
The experimental procedure used was similar to that of Shipway and Hutchings (1994) 
whose results are discussed in § 2.2.3.5. In order to visualise the distribution of particle 
trajectories on exiting the acceleration tube it was necessary to examine the wear scars 
produced on similar flat targets placed at a stand-off distance of 15 mm. Targets used 
were 40 mm x 50 mm x 2.5 mm aluminium plates left in the as-received state and thinly 
coated with blue marking dye, which when removed during the course of erosion gave an 
easily visible wear scar. The mass of erodent was varied between tests in order to 
produce a plot of log (mass of erodent) versus scar radius at a constant flux. Wear scar 
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radii were measured using a Cambridge Instruments Quantimet 920 image analyser 
which enabled effective wear scar radii to be calculated from the slightly irregular scars 
produced by experiment. After capturing the image of the wear scar digitally a greyscale 
threshold value was chosen such that the limits of the wear scars could be defined 
according to the degree of dye removal. This area was then analysed and equated to a 
perfectly circular area. The effect of differing fluxes was examined by altering the speed 
of the screw feed at the bottom of the erodent hopper whilst maintaining an air flow rate 
of 40 I min-I, so that particle velocity remained constant. 
5.3.3.2 Results and Discussion 
Figure 5.8 shows the resultant wear scars produced from tests at various erodent masses 
and fluxes and clearly shows the increase in wear scar radius with mass of erodent or 
particle flux. Figure 5.9 shows the data represented graphically with a plot oflog(erodent 
mass) versus wear scar radius. 
Calculations of inter-particle spacings were made using equation 2.15. It was found that 
even for the largest flux used the inter-particle spacing was at least ten times the particle 
diameter. In the case of the lowest flux used the inter-particle spacing was over twenty 
times the particle diameter. Thus it can be assumed that within the nozzle there is a 
relatively small probability of the particles interacting with each other. When examining 
the effect of mass of erodent it can be seen that there are minimal differences between 
results obtained at different fluxes. At all particle fluxes the relationship of scar radius 
with log(erodent mass) is non-linear, but there is no rapid increase of scar radius with 
erodent mass, a phenomenon indicative of particle-particle interactions. Similar results 
were noted by Shipway and Hutchings, using the smallest of a range of erodent 
diameters, and were attributed to aerodynamic effects. Since there is no evidence to 
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suggest inter-particle collisions are having a significant effect on the fonnation of wear 
scars it seems reasonable to assume that aerodynamic effects are also dominant in this 
case. Thus it was decided that by using the highest particle flux rate examined 
(10.8 kg m-2 s -1) runs could be carried out in the shortest time without particle/particle 
interactions outside the nozzle becoming significant and thus affecting the wear rates 
produced. Aerodynamic effects are probably accentuated slightly by the short stand-off 
distance but would be present at all particle fluxes using the Si02 erodent. 
5.4 CONCLUDING REMARKS 
Both the literature pertaining to erosion testing and the general experimental methods 
used in this work have been presented in this chapter. Results from the erosion testing 
are given in the following two chapters. 
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Chapter 6 
EROSION OF CAS/SiC 
6.1 INTRODUCTION 
This chapter first gives details of the basic experimental procedure followed when 
erosion testing. The results of room temperature tests on unidirectional material are 
gIVen. This is followed by the results of experiments carried out at elevated 
temperatures. The effect of temperature on particle velocity is detailed and these results 
are used to explain the elevated temperature erosion rates observed. Details of quasi-
static indentation work carried out are also given before experimental work carried out on 
cross-ply material is considered. Both elevated and room temperature erosion tests are 
discussed as well as stresses due to ply interactions within a cross-ply laminate. 
6.2 UNIDIRECTIONAL MATERIAL 
6.2.1 BASIC EXPERIMENTAL PROCEDURE 
Erosion testing of the CAS/SiC composite was carried out from room temperature to 
726°C with the specimen comprising multiple polished bars, positioned at a stand-off 
distance of 15 mm. The majority of the tests were conducted at an erodent velocity of 
24 m S-1 and with the erodent stream normal to the specimen surface and thus parallel to 
the fibre direction. After erosion, samples were cleaned ultrasonically in acetone and 
weighed using a four decimal place electronic balance (CL4D, Stanton Instruments). 
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The effect of the ultrasonic clean was examined in parallel with the erosion tests to 
investigate the possibility of the cleaning process leading to any further removal of 
damaged, but still adhering, material. Such an effect could have been significant given 
the small changes in mass being measured. The surfaces of a number of samples were 
first cleaned, carefully, using only an air jet and weighed using the electronic balance. 
The same specimen was then cleaned ultrasonically and weighed once again. A final, 
much longer, ultrasonic clean was then carried out and the sample weighed once again. 
Results obtained after each degree of cleaning were within experimental variation and 
thus it was concluded that the ultrasonic clean was not contributing to the mass loss. 
In order to determine when steady state conditions had been reached, such that the 
erosion rate was constant with respect to the mass of erodent passed, a sample was 
subjected to multiple exposures of erodent. In between each exposure the sample was 
cleaned and weighed so that a plot of cumulative mass loss versus total mass of erodent 
passed could be produced. 
When conducting erosion tests at elevated temperatures samples were placed in the main 
furnace before heating began and air was allowed to pass over the sample at a flow rate 
lower than that used during erosion. When the set temperature had been attained the air 
flow rate was increased and the screw feeder activated so that erosion could take place. 
In the case of experiments between room temperature and 400°C both pre-heater and 
furnace were set at the temperature required and a brief period allowed between 
increasing flow rate and commencing erosion. This permitted the temperature to 
equilibrate after the increased cooling effect of the elevated air flow rate was introduced 
to the system. Beyond temperatures of 400 °C the pre-heater was set higher than the 
required erosion temperature to aid heating of the propellant gas and thus reduce this 
cooling effect, which became more marked at higher temperatures. The main heater 
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temperature was also set to be higher than that required and erosion commenced when 
the required temperature was reached, again so the cooling effect of the increased gas 
flow rate could be minimised. Even so some change in temperature occurred during the 
course of erosion tests at these temperatures and this was monitored throughout the test. 
The maximum erosion temperature attainable was limited by the time constraints of 
operation imposed by the use of the exhaust filtration system. 
The effect of the thermal cycle was assessed by carrying out an identical procedure to 
that used for erosion albeit without the addition of erodent particles into the gas stream. 
The temperatures chosen for these experiments were 400°C and 700 °C. These 
experiments were complemented by a thermal gravimetric analysis (TGA) using a 
Stanton Redcroft, STA-1500 series thermal analyser. A sample was cut to size using a 
Struers Acutom 5 fitted with a 12.6 mm 352CA diamond cut-off wheel. The experiment 
was performed under atmospheric conditions up to a temperature of 1000 °C using a 
ramp rate of 20°C min -1. 
At room temperature it was possible to remove the sample and weigh it in between 
successive exposures of erodent, a procedure that was not practical at elevated 
temperatures due to the accentuated effect of thermal cycling. Thus 300 g of erodent was 
used for each erosion test and it was assumed that, as with room temperature tests, this 
mass of erodent would be sufficient to lead to steady state conditions (see § 6.2.2) 
A number of erosion experiments were carried out at elevated temperatures using angles 
of impingement less than 90°. Impingement angle is defined as the angle between the 
erodent surface and the incident particles and was varied by the use of a simple triangular 
shaped piece of stainless steel on which the sample holder could be placed. The centre of 
the erodent stream was maintained at 15 mm from the target surface, as for the 90° 
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erosion tests, and angle of impingement was varied from 30° to 90°. The effect of angle 
of impingement was investigated at 400°C and 700 °C with a gas flow rate of 40 I min-I 
and a total mass of erodent of 300 g. 
6.2.2 RESULTS OF STEADY STATE DETERMINATION 
Figures 6.1 and 6.2 show the results of successive erosion tests using a velocity of 
24 m S-I on single unidirectional CAS/SiC samples up to a total mass of 700 g. Steady 
state conditions appear to have been reached after 100 g of erodent have passed, and after 
this point the wear rate is approximately 0.15 mg per g of erodent. Thus it was decided to 
use 300 g of erodent for subsequent tests since steady state conditions were well 
developed yet erosion time was not excessive. 
6.2.3 EFFECT OF VELOCITY ON WEAR RATE AT ROOM TEMPERATURE. 
Figure 6.3 shows the room temperature variation of erosion rate (in mg g-I) with erodent 
velocity up to a velocity of 24 m S-I i.e. under gas flow rate control. As can be seen it 
would appear that there is a change in erosion mechanism at approximately 12 m S-I, as 
indicated by the upturn in erosion rate after this point. Figure 6.4 shows typical regions 
of wear scars produced at erodent velocities of 6.7 and 24 m S-I. At the lower velocity 
material removal is by means of a surface chipping mechanism with the fibres standing 
proud of the surrounding matrix. The edges and ends of the fibres have been chipped but 
there is no evidence of large scale fracture in either fibres or matrix. The erosion rate 
under these conditions is 0.004 mg g-I. In contrast to this, when the erodent velocity is 
increased to 24 m S-l it would appear that more widespread, presumably lateral, cracking 
has occurred with fibres having fractured at the same level as the matrix. The wear rate 
at this velocity is 0.16 mg g-I i.e. two orders of magnitude greater than at the lower 
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velocity. It would appear that the two velocities produce sub- and super-critical impulse 
loads with respect to the formation of lateral cracks. This hypothesis was further 
investigated by the use of a Zeiss LSM30 confocal scanning laser microscope (CSLM) to 
image subsurface damage within samples. Colour height maps of an as-polished surface 
and erosion damage produced in samples using erodents with impact velocities of 9 m S-I, 
14 m S-1 and 24 m S-1 are shown in figures 6.5 and 6.6. Impact velocities of 9 m S-1 and 
14 m S-1 represent erosive conditions either side of the proposed change in mechanism. 
Figure 6.5a shows that in the as-polished state there is no subsurface damage present (any 
cutting damage should have been removed by polishing) and that the fibres are slightly 
proud of the surface. At a particle impact velocity of9 m S-1 (figure 6.5b) it would appear 
that the damage caused by erosion consists of surface chipping to a depth of 1 to 2 ).lm. 
Again little or no subsurface damage is visible. This is consistent with observations of 
the electron photomicrograph given in figure 6.4a, where the erodent velocity is below 
the threshold value of 12 m S-1 required for a change in mechanism. A quite different 
form of wear scar is represented in figure 6.6a and b. Here subsurface damage can be 
seen in the matrix regions around the fibres. This is indicative of a mechanism of 
material removal consisting of the formation of lateral cracks below impact sites which 
subsequently lead to removal of material. Figure 6.6b shows the similar but more severe 
type of damage obtained when a higher impact velocity is used. These results are 
consistent with the hypothesis that above a critical velocity value (12 m s -1) the impulse 
load produced by the impacting Si02 particles is sufficient to cause lateral crack 
formation and subsequent material loss. Below this critical value material removal is by 
a surface chipping mechanism at a much lower rate. 
These observations are broadly consistent with the findings of Powell (1993) except that 
Powell found the fibres to be depressed relative to the matrix at the sub-critical load and 
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measured wear rates that were higher than those observed in the present work for both 
super- and sub-critical conditions (3.3 mg g-I and 0.1 mg g-I respectively). Using 
equations for impulse load developed by Powell, for blunt indenters, and Wiederhom and 
Lawn (1979), for sharp indenters, it is possible to compare the values of impUlse load for 
the two different erosion regimes. Powell, who used spherical alumina erodent particles, 
developed an equation for impulse load (following Wiederhom and Lawn) given as 
6.1 
where r is the particle radius (40 x 10-6 m), v is particle velocity, Pp is particle density 
(3.97 x 103 Mg m-3), and H is target hardness (approximated to 4 x 109 Pa). It was 
assumed that the plastic work done is a fixed fraction, y*, of the kinetic energy of the 
particle. An arbitrary value of 0.5 was assigned to y* in this instance. It was found from 
experiment that an impact velocity of 40 m S-I gave material loss as a result of lateral 
chipping; this equates to an impulse load of 0.93 N. Using the original equation of 
impulse load developed by Wiederhom and Lawn (1979) for sharp indenters it is 
possible to calculate the equivalent impulse load for the critical threshold value of 12 m S_I 
encountered in this work. Wiederhom and Lawn stated that 
( 2 113~05 2)2/3 9ArcH tan \If) ('. mp v 6.2 
where A is 21n, \}' is the half angle of the indenter and ~ is the mass of the particle. The 
impulse load for impact with 125 11m Si02 particles at 12 m S-I is 0.35 N, which is lower 
than the value of 0.93 N estimated to produce lateral chipping with alumina erodent 
particles. 
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Given the approximations used in each of the equations developed by Powell et al. and 
Wiederhom and Lawn the agreement between results obtained using Si0
2 
erodent and 
alumina spheres is good. One factor not taken into account by either model is the role of 
the microstructure, i.e. any departure from an isotropic continuum. Not only will this 
have an effect but there will be a change in the relationship between the scale of 
microstructure and the impact event between 80 )lm alumina spheres and 125 )lm Si0
2 
particles. 
Experimental data obtained from Vickers indentation tests performed on the CAS/SiC 
composite led to a predicted wear rate of 4.9 mg g-1 (powell et aI., 1997) when using the 
upper bound model of erosive wear. This assumes that the impulse load of impacting 
particles is 3 N, a value that is obtained at a particle impact velocity of 70 m S-I for Si02 
particles. Hence at a particle velocity of 24 m S-I, whilst lateral cracking is present, the 
lateral cracking associated with each particle impact is not extensive enough to lead to 
the fulfilment of the criteria for the upper bound wear model. Consequently the wear rate 
observed is significantly lower than the predicted 4.9 mg g-I when using Si02 erodent at 
an impact velocity of 24 m S-I. 
Due to the rig modifications towards the end of the study (see § 5.3.1) it was possible to 
perform erosion tests at higher velocities than used previously. The velocities chosen for 
these tests were 58 m S-1 and 80 m S-I. The results of erosion tests carried out at these 
velocities, along with previously discussed results at lower velocities, are plotted in 
figure 6.7. It is interesting to note that if the velocity exponent n is calculated from data 
obtained at 14,24, 58 and 80 m S-I a value of2.6 is obtained, which is typical for ceramic 
systems (e.g. Scattergood and Routbort, 1981, Sykes et aI., 1987, Ruff and Wiederhom, 
1979, Routbort, 1996). If the results of tests carried out at 9 m S-I and 14 m S-I are also 
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considered then these are seen to fit on the same trend line despite the fact that a change 
in erosion mechanism has been observed experimentally. 
It was previously calculated that in order for the predicted upper bound wear rate of 
4.9 mg g-l to be obtained, using Si02 particles, an impact velocity of 70 m S-I was 
required. It can be seen from figure 6.7 that at an impact velocity of 70 m S-I the wear 
rate is approximately 2.8 mg g-I. Again, given the approximations in the model, this 
value shows remarkable agreement with both the prediction (4.9 mg g-I) and Powell's 
experimental result (3.3 mg g-I). 
6.2.4 EFFECT OF FIDRE ORIENTATION ON EROSION AT 
ROOM TEMPERATURE 
In order to assess the effects of fibre orientation on wear rate a number of tests were 
carried out with the fibre direction normal to the direction of particle impingement. As 
the fibres were in the plane of the composite plate it was possible to test a single piece of 
material with fibres orientated normal to the erodent stream. This gave the opportunity to 
verify the assumption that edge effects have a negligible effect on the wear rate of 
multiple bar specimens. This was done by producing a specimen composed of bars of 
material of the required fibre orientation such that the results could be compared with 
those obtained using a single, uncut sample. 
It was found that when testing the unidirectional material at room temperature, with 
fibres perpendicular to the direction of particle flow, the erosion rate was 0.17 mg g-I, a 
similar result to that seen when the fibre direction was parallel to the particle direction. 
The sample composed of bars of material with fibres perpendicular to the angle of 
particle impingement also gave a wear rate of 0.17 mg g-I. The conclusion that can be 
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drawn from this is that edge effects caused by the use of bars of material to make up an 
area of suitable size for erosion testing do not lead to significant errors. Another 
observation that supports this conclusion is that if edge effects were a significant factor 
this would be manifest in the form of increased erosion depth along the edges of adj acent 
bars of material. In fact no such "stepped" effect was observed and wear scars were 
fairly symmetrical across the target area. 
The fact that erosion rates seen are similar whether fibres are parallel or perpendicular to 
particle flow is initially surprising, since the residual tensile axial matrix stress will no 
longer be acting to aid lateral crack propagation. It has been shown, however, (powell et 
al., 1993d) that there is also a tensile matrix hoop stress around fibres. Thus, when 
impact is parallel to the fibre direction the tensile matrix axial stress will aid lateral 
cracking, while if impact is perpendicular to the fibre direction the tensile matrix hoop 
stress will aid crack propagation. This hoop stress will be a function of the local fibre 
volume fraction and the distance from the fibre matrix interface. Powell et aI., calculated 
that at a local fibre volume fraction of 0.34, the maximum hoop stress would be 130 
MPa. Given that this value will decrease with distance from the fibre-matrix interface, a 
mean value will not be dissimilar from the value of the axial tensile stress (~80 MPa) at 
the same fibre volume fraction. It is not, therefore, unexpected that similar wear rates are 
obtained, whether the composite is impacted parallel (0.16 mg g-l) or perpendicular (0.17 
mg g-l) to the fibre direction. 
6.2.5 EFFECT OF TEMPERATURE IN THE ABSENCE OF ERODENT 
No detectable change in mass was observed in tests to assess the effect of the thermal 
cycle alone. Thus, it may be concluded that any mass changes observed after erosion 
were due to the wear process. Figure 6.8 shows the results from TGA in terms of sample 
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mass and energy as a function of temperature. It can be seen that over the period of the 
experiment no change in sample mass was observed. The results of the simultaneous 
differential thermal analysis (DTA), measuring changes in energy verses sample 
temperature, show two regions where changes are taking place. There is a broad peak 
starting at low temperatures and tailing off again at a temperature of about 550°C, after 
this there is a second peak at around 600-750 °C. Continuous fibre reinforced CMCs are 
prone to removal of the carbonaceous interface between the fibres and the matrix and 
subsequent development of silica bridges in the interfacial region at elevated 
temperatures (e.g. Zawada & Wetherhold, 1991, Bischoff et aI., 1989). There is some 
controversy in the literature regarding the time and temperature required for silica 
bridging but it is thought to occur from 500°C upwards (Cooper & Chyung, 1987, Sun 
et aI., 1997, Bleay et ai., 1992). This second peak could therefore be as a result of silica 
bridging taking place between fibres and matrix. Due to the broad nature and relatively 
low temperature the first peak this is tentatively ascribed to residual stress relief within 
the material. 
6.2.6 EROSION AS A FUNCTION OF TEMPERATURE 
Data showing the effect of temperature on wear rate up to 726°C are presented 
graphically in figure 6.9. It can be seen from figure 6.9 that the wear rate at room 
temperature is 0.16 mg g-l, which is consistent with the multiple aliquot erosion tests 
used to determine steady state conditions. Wear rate increases up to a value of around 
0.26 mg g-l at 200°C, after which it remains fairly constant. It is possible that a maximum 
erosion rate is present at around 450 °C, although the discrepancy between results at 
400°C would suggest that this effect is within experimental variation. 
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Visual inspection of the scars produced from room temperature to 700°C, using a gas 
flow rate of 40 1 min-I, shows them to be roughly 7 mm in diameter, with the central 5 
mm showing the most severe damage. Above 400°C the wear scars take on a smoother 
appearance. Figure 6.10 shows cross-sections taken approximately diametrically of the 
wear scars produced at room temperature, 200, 400, 600 and 726°C. The profile 
changes from disc-like to conical and the scars get deeper as the temperature is increased, 
despite the fact that the wear rate is virtually constant above 200 DC. 
Figures 6.11 and 6.12 show secondary electron photomicrographs of the central regions 
of the wear scars obtained at room temperature, 400 and 726°C. There is a change in 
surface morphology with increase in temperature. As the temperature is increased the 
wear scars appear to take on a smoother appearance. At the lower magnification, figure 
6.11, fibre ends are clearly visible after the room temperature and 400°C tests but are 
much harder to discern in the wear scar produced at 726 DC. The higher magnification 
photomicrographs (figure 6.12) suggest that lateral fracture is the mechanism of material 
removal at all temperatures but there is an increasing component of plastic flow in the 
matrix as the temperature is increased. There was no evidence, however, of erodent 
particles becoming embedded in the target surface at high temperatures. 
The factors which are relevant to the apparent change in wear rate with temperature were 
considered. Firstly loss of material due to thermal shock damage was discounted. A 
thermal shock study carried out by Blissett et al. (1997) has shown that the onset of 
cracking for the CAS/SiC composite is at a temperature differential of 360°C. Below 
this temperature differential samples plunged rapidly into a large quantity (> 10 1) of 
water at a temperature of 20°C showed no signs of cracking. Samples were also 
thermally aged at temperatures up to 800°C for periods between 1 and 150 hours. None 
of these samples were reported to show signs of cracking on the surfaces. This is 
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consistent with observations of non-eroded samples which did not crack. In light of this 
it can be said that the increase in wear rate seen with increasing temperature is not as a 
result of any thermal shock effect. Thermal conditions experienced during erosion 
testing should not have been extreme enough to induce any thermal cracking. 
Work by Powell et al. (1993d) presented an analytical model for the prediction of stress 
distribution resulting in mismatches in the coefficient of thermal expansion within a 
composite system composed of two coaxial cylinders. It was predicted that the cooling 
of the CAS/SiC from the (assumed stress-free) fabrication temperature would induce 
large axial compressive stresses in the fibres, a prediction that was also substantiated 
experimentally, and tensile stresses in the matrix. These residual stresses are a result of 
the fact that the coefficient of thermal expansion of the matrix is greater than that of the 
fibres. It was shown from indentation testing that lateral cracks are sensitive to residual 
tensile stresses inherent in the system and that these are in tum a function of the local 
fibre volume fraction. In a situation where erosion of a composite is taking place as a 
result of the propagation of lateral cracks and subsequent material removal this effect 
bears directly on the erosion resistance observed (see § 2.2.6). The relief of residual 
stresses should, in the absence of any other factors, lead to a decrease in wear rate with 
temperature. 
Another factor to consider is the increase in residual elastic stress seen when indenting 
monolithic ceramics at elevated temperatures. Increasing the temperature of indentation 
results in decreasing hardness and hence a larger indentation impression and increased 
residual elastic stresses. Since it is the recovery of these residual elastic stresses that 
provides the driving force for lateral crack propagation, lateral cracking is seen to 
increase at elevated temperatures (Naylor and Page, 1983) until full plasticity is achieved. 
Radial cracking within {Ill} single crystal silicon increased above about 300°C while 
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lateral cracks were most extensive at 200°C but rarely observed above 300°C. Since 
laterals often nucleate at the bottom of the plastic zone and the plastic zone size is 
increasing with temperature it was suggested that above 300 °C the depth of laterals 
made them hard to observe. Increase in lateral extent with temperature was also seen in 
(0001) single crystal SiC using reflection polarised light microscopy. 
Another consideration when explaining the changes in wear scar morphology and wear 
rate with temperature is that of silica bridging (see § 6.2.5). Silica bridging results in 
fibres being more firmly bonded to the matrix. The composite would, be expected to 
revert to behaviour more typical of a monolithic material and cracks would be expected 
to pass straight through the fibres. In the wear situation, this change in behaviour would 
be associated with smoother wear surfaces, as are observed in the present case. Silica 
bridging would not explain the changes in wear rate occurring with increasing 
temperature since, in the absence of any other effects, to a first approximation, wear rates 
would be expected to remain constant regardless of the state of the fibre-matrix interface. 
The fibres would be fractured, albeit by different mechanisms, at the depth of lateral 
cracking and hence subsequently removed. It is also possible that the smoothing of the 
surface observed is similar to that observed by authors such as Blissett (1995) or 
Wetherhold and Zawada (1991). It was suggested by these authors that the smooth 
surface was due to the formation of a glassy film of silica which exudes from the 
fibre/matrix interface. Wetherhold and Zawada found that times of only 15 minutes at 
850°C were sufficient to the seal the sample surface and limit embrittlement of the 
sample on further heat treatment. However, it seems unlikely that, if such a mechanism 
is occurring, no changes in the chemical bonding of silicon, between as received and heat 
treated samples, were conclusively detected using the technique of XPS (chapter 4). 
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As none of the considerations discussed above explained the observed data, especially at 
low temperatures, the experimental conditions were re-evaluated. This lead to a 
consideration of the consequence of changing temperature on the velocity of the 
propellant gas and hence particle velocities. For the design of erosion apparatus used in 
this study, and detailed in § 5.3.1, as propellant gases pass through the pre-heater above 
the main furnace the increase in temperature will cause the gas to expand. In order to 
maintain a constant volume flow rate through the system the velocity of the gas will 
increase, leading to a concomitant increase in the velocity of the entrained gas particles. 
Wear rate has been found to be proportional to particle velocity raised to a power of 2.6 
at room temperature and therefore a small increase in particle velocity can lead to a 
significant increase in wear rate (see figure 6.7). Thus it was necessary to establish the 
velocities of the particles at the test temperatures. 
6.2.7 EFFECT OF TEMPERATURE ON PARTICLE VELOCITY 
It is necessary to consider the effect that any changes in gas temperature have on the 
velocity of the carrier gas and hence on the velocity of the erodent particles. At elevated 
temperatures, as the particle/gas mixture passes through the acceleration tube situated in 
the pre-heater and furnace it will be heated, causing the volume of the carrier gas to 
Increase. 
The average velocity of the carrier gas at room temperature can be calculated simply by 
dividing the volume flow rate (m3 S-I) by the nozzle exit area (m2). At room temperature 
the volume flow rate at the nozzle exit is the same as the measured value at the flow 
meters, but at other temperatures expansion of the gas must be taken into consideration. 
At room temperature it was also possible to measure gas velocities by means of a pitot 
tube connected to a digital manometer. Since there will, in fact, be a range of gas 
95 
Chapter 6: Erosion of CAS/SiC 
velocities across the diameter of the nozzle the position of the pitot tube was adjusted 
until a maximum reading was achieved. In this way average air velocities could be 
calculated for comparison with the average velocities calculated from the flow readings. 
Mean air velocity (VJ was calculated using the following equation 
2S2V V = 0 
a (1+2s)(1+s) 6.3 
which is an approximate expression for average velocity for turbulent profiles. V 0 is the 
velocity on the axis, i.e. the maximum reading obtained using the pitot tube, and s is a 
number related to the calculated value of the Reynolds number (Re) for the system where 
6.4 
and Pf is fluid density, P is fluid velocity, Dp is pipe diameter and J.l is the dynamic 
viscosity of the fluid. For Reynolds numbers greater than 2000, flow is considered to be 
turbulent. For all of the flow rates seen in this study, flow was turbulent and the value of 
s used in equation 6.3 was 6.6 (Baker, 1988). 
In order to estimate the average air velocity exiting the nozzle at higher pre-heater 
temperatures it was necessary to calculate first the increase in volume of the carrier gas 
passing down the acceleration tube. This new volume flow rate could then be divided by 
the nozzle exit area to give the average gas velocity at the elevated temperature. This 
was done by assuming that the carrier gas is behaving as an ideal gas. Since the pressure 
of the system will be the same throughout, equation 6.5 can be used. 
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6.5 
where VI is the volume of gas at room temperature, V2 is the volume of gas at elevated 
temperature, TI is 298 K and T2 is the temperature of the pre-heater. In order to assess 
the effect these predicted increases in gas velocity would have on particle velocity, 
double disc measurements were also carried out. It was not possible to measure particle 
velocity and operate the main furnace at elevated temperatures due to the need to remove 
and handle equipment and the temperature limitations of the apparatus itself. It was, 
however, possible to use the pre-heater, situated above the main furnace, to heat the 
particle gas mixture within the silica acceleration tube, as would occur in a normal 
erosion test. Pre-heater temperatures of 100°C, 200 °C, 300°C and 400 °C were used, 
with 400°C being the maximum temperature at which experiments could be carried out 
without damaging the apparatus. Particle velocities were also measured for a range of 
gas flow rates up to a maximum of 40 I min- l at temperatures of200 °C and 300°C. 
Figure 6.13 shows the results of the pitot tube readings, velocity calculated from air flow 
rate and particle velocity from double disc measurements versus gas flow rate at room 
temperature. The agreement between calculated and measured gas flow rates is 
reasonably good. Differences would be due to the approximate nature of the expression 
for calculating average profile velocity from pitot tube readings and assumptions such as 
fully developed turbulent flow in the acceleration tube. It can also be seen that at all gas 
flow rates the particle velocity is lower than the gas velocity. 
Figure 6.14 shows the data for calculated air velocity using volume increase and mean 
particle velocity measurements, made using the double disc method, up to a temperature 
of 400°C. As expected the expansion of gas on heating leads to an increase in gas 
velocity in order for the mass flow rate to be maintained. This in turn leads to the 
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increased particle velocity seen in figure 6.14. Figure 6.15 also shows that across a range 
of gas flow rates the measured particle velocity is higher at 300°C than 200 °C, with 
particle velocity increasing with flow rate as expected. The particle velocity is probably 
non-linear because the gas velocity is also non-linear. The data presented for gas 
velocities in figure 6.14 are calculated assuming that the gas has attained the temperature 
indicated. In practice, however, the air needs to spend a finite amount of time in the pre-
heater to reach the temperature set, and the higher the temperature the more time is 
required. At higher temperatures the carrier gas will not be spending enough time in the 
acceleration tube to reach the temperature set in the pre-heater. This suggestion is 
supported by the observation that as temperature is increased there is an increased 
cooling effect in the main furnace as the air flow is increased ready for testing (see 
§ 6.2.1). This tendency towards a maximum gas temperature could lead to the plateau of 
particle velocities seen in figure 6.14. 
6.2.8 REVISED EROSIVE WEAR RATES 
The effect of increasing particle velocity (as a consequence of increasing temperature) 
can be taken into account, using the data from figure 6.7, to give a predicted wear rate at 
each temperature, assuming that the temperature has no effect other than to increase the 
velocity of the impacting particles. This is shown in figure 6.16 as the "theoretical" 
curve. These data are above the actual experimental data, indicating that the increase in 
erosion temperature must be reducing the wear rate. A more useful way of analysing the 
data is to correct for the change in velocity by calculating what the wear rate would have 
been had the velocity been maintained at 24 m S-1 at all temperatures. 
It is already known that wear rate is proportional to velocity raised to the power 2.6 
(§ 6.2.3) therefore the wear rate can be corrected for the velocity effect using 
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( WR1J = (~)2.6 WR2 24 6.6 
where WRI is the experimental wear rate, WR2 is the corrected wear rate and v is the 
actual particle velocity at a given temperature. 
It can be seen from the lower curve plotted in figure 6.16 that when the effect of 
increasing particle velocity, caused by increasing propellant gas temperature, is removed 
from the original wear rate versus temperature results there is a decrease in wear rate with 
increasing temperature. 
6.2.9 ELEVATED TEMPERATURE EROSION AT 24 m S-1 
The results of calculations to remove the effect of particle velocity changes (figure 6.16) 
would suggest that with a constant velocity of 24 m S-1 and an erosion temperature of 
300°C the expected wear rate would be 0.07 mg g-l. In order to validate this approach, 
figure 6.15 was used to determine the flow rate required to obtain a particle velocity of 
24 m S-1 at a temperature of 300°C. An erosion test was then carried out at a temperature 
of300 °C and a gas flow rate of22 1 min-1 (particle velocity of24 m s -I) which yielded a 
wear rate of 0.06 mg g-I. This value is in excellent agreement with that predicted 
previously and thus confirms the validity of the calculations made in § 6.2.8. Further 
validation was not possible due to a lack of material. 
As discussed in § 6.2.5 it was predicted by Powell (1993) that an increase in erosion 
temperature would lead to a decrease in wear rate due to the release of residual stresses in 
the composite matrix. The results of wear rate versus temperature after normalisation 
with respect to velocity now agree with this prediction. There was, however, no 
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comment on the magnitude of this decrease in wear rate. The results of the TGA analysis 
show an energy peak, attributed to residual stress relief, that tails off at around 550°C 
(figure 6.8). Thus it is to be expected that if the decrease in wear rate with temperature, 
shown in figure 6.16, is due to a relaxation of residual tensile stresses in the matrix then 
the rate of decrease of wear rate would also reduce at this temperature, as seen. 
6.2.10 EFFECT OF TEMPERATURE ON INDENTATION RESPONSE 
6.2.10.1 Introduction 
It has been shown that, if the effect of increasing particle velocity is removed from the 
results of wear rate versus temperature, a trend of decreasing wear rate with temperature 
is seen. The validity of these calculations has also been confirmed empirically and these 
changes have been attributed tentatively to changes in the extent of lateral cracking as a 
result of the changes in residual axial matrix stress with temperature. Hence, in order to 
investigate any changes in lateral cracking that could be related to the wear situation it 
was deemed necessary to carry out indentation experiments at elevated temperature. 
These experiments were not, however, entirely successful and experimental facilities 
were limited. Therefore other methods of investigation were also employed, including 
room temperature micro-indentation of heat treated samples. 
6.2.10.2 Hot indentation 
All samples to be indented were cut to size using a Struers Acutom 5 mounted with a 
352CA diamond cut-off wheel and polished to a surface finish of 1 !lm using the 
polishing regime described in § 3.4. In order for them to be successfully mounted on 
the specimen stage, samples for hot indentation were then cut so that the depth was no 
more that 3 rom. A series of hardness experiments was carried out using modified 
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Wilberforce Scientific Developments high temperature microhardness indenters 
courtesy of Dr Steve Roberts, University of Oxford and Professor Trevor Page, 
University of Newcastle. Both indenters utilised graphite resistance furnaces, while 
the dead weight loading system of the Oxford based instrument had been replaced by a 
load ring. All hot indentation experiments used a Vickers profile diamond indenter to 
introduce indentations parallel to the fibre direction and normal to the specimen 
surface. 
Using the microhardness indenter at the University of Oxford, indentations were 
carried out at 200°C and 300 °C using a load of 3.92 N. Results from this series of 
experiments were, however, inconclusive since indentations showed little, if no, sub-
surface damage. It is possible that there was, in fact, a reduced incidence of lateral 
cracking due to the elevated temperatures encountered. The indentation load was, 
however, perhaps too low to make this a valid conclusion. Further work involved the 
use of a Wilberforce Scientific Developments high temperature microhardness indenter 
at the University of Newcastle (courtesy of Professor Trevor Page). Experiments were 
carried out at 200, 400, 600 and 700°C. Unfortunately, due to the positioning of these 
indentations being effectively random, the majority of indentations fell on unsuitable 
areas of the sample surface, such as fibre ends. Also indentation impressions were not 
clearly defined, probably due to damage to the Vickers diamond indenter. Thus, 
neither set of experiments provided valid data. 
6.2.10.3 Room Temperature Indentation 
Since hot indentation facilities were limited, and results inconclusive, it became 
necessary to find alternative methods of investigation. Indentation work was, 
therefore, carried out at room temperature, using samples that had been heat treated, to 
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investigate any structural changes caused by residual stress relief that could be 
occurring at elevated temperatures 
Samples to be indented were first cut to size and polished using the regime described 
in § 3.4. After polishing, heat treatment was carried out in the furnace chamber of the 
erosion rig so that, as far as possible, conditions seen during erosion were accurately 
represented. After heat treatment samples were allowed to cool naturally. 
In all the experiments a Vickers profile diamond indenter was used to introduce 
indentations parallel to the fibre direction and normal to the specimen surface. 
Microhardness experiments were carried out at room temperature, on heat treated and 
as-received samples using a Leitz "Mini 10 ad" microhardness tester, with a loading time 
of 30 seconds and a dwell time of 15 seconds. For samples heat treated at 200 °e and 
400 °e the indentation load was 9.8 N. Room temperature indentation tests were also 
carried out at lower loads (2.94 N, 3.92 N) on as-received and previously eroded 
samples. Also the specimen stage of the Leitz indenter was replaced with a hot plate 
so that a number of indentations could be performed at 200 °e. The actual temperature 
of this sample was monitored throughout using a contact thermocouple. 
In all cases indentations were placed in the matrix regions of the composite, near fibres 
and at least ten indentation widths apart to avoid inaccuracies caused by the overlap of 
neighbouring stress fields. Specimens were brought to optical flatness using a Leitz 
specimen leveller prior to examination with a Zeiss LSM 30 confocal scanning laser 
microscope using the internal 633 nm HeNe laser. The microscope was always 
operated in the reflected light condition and measurements of indentation diagonals, 
depth of indentation, depth of the majority of damage and maximum depth of damage 
were made (see figure 6.17). 
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It was, however, very difficult to decide at which depth the majority of the damage was 
occurring. As with most measurements of sub-surface damage there was a certain 
amount of sUbjectivity which would lead to slightly differing results between 
researchers. For the purposes of this work, absolute values obtained are of lesser 
importance than comparisons between samples. Also measured were the area of lateral 
cracks as well as the area of segments subtended by the centre of the indentation and 
two or more fibres within the radius of interaction following Powell, (1993). The 
radius of interaction is defined as the distance of the furthest group of fibres to which 
the lateral crack grows. In order to measure the lateral crack area of heat treated 
samples, photocopied enlargements of the damaged area were first made. Lateral crack 
areas were then cut out and weighed using a four decimal place electronic balance 
(CL4D Stanton Instruments). It was then possible to convert this to an area by 
comparison with the mass ofa known area (1000 /lm2) 
As well as the data described above, obtained from heat treated samples indented using 
a force of 9.8 N, samples were also indented at lower loads. A sample that had 
previously been eroded at 600°C was indented using a load of 3.92 N for comparison 
with an as-received sample. Similarly an as-received sample was indented with a load 
of 2.94 N for comparison with a sample indented at 200°C on a hot plate and a sample 
previously eroded at 720°C. Finally a sample was indented using a load of 19.6 N for 
comparison with samples indented at lower loads. These experiments are summarised 
in table 6.1. 
Figures 6.18 and 6.19 show optical sections taken at differing depths below the surface 
of indentation impressions of 200°C and 400 °C. Most of the lateral cracking was 
observed to be associated with groups of two or more fibres situated relatively close to 
indentation sites. As mentioned previously the critical, distance between the centre of 
103 
Chapter 6: Erosion of CAS/SiC 
the indentation and the farthest fibre group towards which damage grows, is tenned the 
radius of interaction. Fibre damage seems to have been limited to pennanent recession 
of the fibre ends relative to the specimen surface. 
Tables 6.2, 6.3 and 6.4 give details of numerical results obtained in the CSLM study. 
Data are shown for indentation diagonals, indentation depth, depth of the majority of 
damage and maximum depth of damage for the room temperature and heat treated 
samples indented at an indentation load of 9.8 N. It can be seen that the results 
obtained from all the samples are very similar. The maximum depth of damage is 
higher for the 200°C and 400 °C samples but indentation depth and majority of 
damage is similar across all samples. Although the maximum depth of damage 
increases when samples are heat treated it is unlikely that this translates to any change 
in erosion behaviour. It is the depth at which the largest amount of lateral cracking is 
seen that is most likely to be the depth to which material would be removed in the 
event of laterals intersecting adjacent indentation sites or the free surface. The areas of 
damage seen at the greatest depth below the indentation site are very small and thus 
unlikely to lead directly to material loss. 
Tables 6.5 and 6.6 show lateral crack area at the depth at which most sub-surface 
damage is seen and fibre segment area at the sample surface. It is likely that the areas 
of fracture less than 100 /lm2 are not lateral cracks but general damage, hence fibre 
segment area was not calculated for these indentations. Using these data, figure 6.20 
was produced to show the relationship between fibre segment area and lateral crack 
area. There would appear to be very little difference between the 200°C and the 
400 °C data sets, but both of these exhibit slightly more lateral cracking than the room 
temperature set. It was seen that the area of lateral cracking is proportional to the local 
fibre volume fraction. Furthennore, it is apparent that, for a particular load, there is no 
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lateral cracking produced beyond a critical distance between fibres and indentation 
. . ImpreSSIOn. 
As previously mentioned samples were also indented using a load of 2.94 N in the as-
received state, at 200°C on a hot plate and after erosion at 720 °C. Areas as far 
outside the wear scar as possible were chosen for indentation, although the presence of 
minor amounts of surface damage meant that the edges of the indentation impressions 
were sometimes indistinct. The average size of indentation diagonal on the as-received 
sample was 22.6 )lm as compared with 23.4 )lm at 200°C and 19.9 )lm on the sample 
eroded at 720°C. Average indentation depths are 2.9 )lm, 3.4)lm and 2.7 )lm 
respectively. Subsurface damage was less at 200°C compared with as-received, with 
only a small number of indentations showing lateral cracking. Lateral crack depth was 
similar for the as-received and 200°C samples and at a slightly shallower depth for the 
previously eroded sample. When an as-received and a sample previously eroded at 
600°C were compared at an indentation load of 3.92 N, sub-surface damage was very 
similar, while the average width of indentation diagonal was slightly less for the 
eroded sample. 
For all samples indented at loads less than 9.8 N, lateral cracking was seen as small, 
discrete areas of damage at differing heights/regions around the indentation site. At 
9.8 N indentations showed extensive radial cracking towards fibres with sub-surface 
damage often extending up to the free surface. Similar but deeper damage was seen at 
indentation loads of 19.6 N. 
It is difficult to make any positive conclusions as to the effect of the heat treatment on 
samples indented in this study. It was seen that there was a slight increase in lateral 
cracking for samples heat treated a 200°C and 400 °C and indented with a load of 
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9.8 N. This is in contrast to the expected decrease m cracking if structural 
rearrangement and residual stress relief is occurring at these elevated temperatures. 
Perhaps the most significant change seen was the reduced incidence of lateral cracking 
for the sample indented at 2.94 N on the hot plate. Erosive wear rate was seen to be 
significantly reduced at 200°C so it would not be unexpected for lateral cracking due 
to indentation to be reduced at this temperature. Qualitative observation of 
indentations carried out at Oxford also shows suppression of lateral cracking at 
temperatures of 200 and 300 °C. It is therefore recommended that further work should 
repeat elevated temperature indentation tests at loads of9.8 N as results should provide 
information relevant to the erosion process. 
A limited study of indentation of unidirectional CAS/SiC and monolithic CAS was 
carried out at elevated temperatures by Powell, (1993). When monolithic CAS was 
indented at approximately 600°C an increase in the amount of plastically deformed 
material, with an associated greater incidence of lateral and radial fracture, was seen. For 
the composite system, lateral cracking decreased with increasing indentation temperature. 
Hence it was hypothesised that, for unidirectional CAS/SiC, the temperature induced 
relief of residual stresses is more significant than any increase in elastic stress due to 
increased plastic flow at elevated temperatures. Thus it is to be expected that an increase 
in temperature would lead to a concomitant decrease in erosion rate. 
6.3 CROSSPL Y MATERIAL 
6.3.1 STEADY STATE DETERMINATION 
Determination of steady state conditions was carried out for a [0/90]3S crossply of 
CAS/SiC at a velocity of 24 m S-1 and a temperature of 27°C. 
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Figure 6.21 shows the results of successive erOSIOn tests for the [0/90]3S crossply 
laminate. Once again erosion tests using 300 g of erodent would seem to satisfy the 
conditions of well developed steady state erosion. Erosion tests were therefore carried 
out using a [0/90]3S and a [0/904]s crossply laminate at room temperature using an impact 
velocity of 24 m S-1 and 300 g of erodent, the same conditions used for the unidirectional 
material in both orientations. The [0/904]s composite was impacted with the fibres of the 
central plies normal to the erodent impact direction. As discussed previously it was not 
practical to perform the steady state determination at elevated temperatures. It was 
assumed that since steady state conditions appear to have been reached quite rapidly at 
room temperature, the elevated temperature testing using 300 g of erodent would also be 
acceptable. 
6.3.2 EROSION OF CROSSPLY MATERIAL AT ROOM TEMPERATURE 
6.3.2.1 Stresses due to ply interactions 
Results presented in § 6.2.4 showed that, when using unidirectional material, the erosion 
rates seen were the same whether particle impact was perpendicular to or parallel to fibre 
direction. This would suggest that a similar erosion rate would be expected for all 
crossply laminates assuming that no significant stresses, due to ply interactions, are 
present in crossply laminates which would either promote or inhibit damage due to 
erOSIOn. 
Powell (1993d) calculated the values of the residual stresses that are present in fibres and 
matrix of the unidirectional composite. These stresses would be expected to be the same 
in the plies of crossply material if the volume fraction of fibres is comparable, since 
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changing the orientation of the plies will not change the intra-ply residual stresses. 
Erosion results for a crossply laminate could differ from those for a unidirectional 
laminate as a result stresses due to ply interactions, since the 0° plies, defined as having 
fibres parallel to particle impingement, will be constrained by the 90° plies, defined as 
being perpendicular to particle impingement. Figure 6.22 shows a schematic 
representation of the [0/904Js laminate with the three orthogonal axes as indicated. In the 
2 direction the properties of the 0° ply are matrix dominated whilst those of the 90° ply 
are fibre dominated. Thus, the coefficient of thermal expansion in the 2 direction will be 
greater in the 0° ply than in the 90° ply. On cooling to room temperature, from an 
assumed stress-free processing temperature, this will result in residual compressive 
stresses in the 2 direction of the central, 90° plies, and residual tensile stresses in the 2 
direction of the outer, 0°, plies. In practice it is the residual stresses caused by adjacent 
plies in the 1 direction i.e. those in the direction of particle impact, that are more 
important as far as increased or decreased erosion resistance are concerned. This is 
because if material removal is caused by the initiation and propagation of lateral cracks 
then it is stresses in the direction perpendicular to the plane of the cracks ( the 1 direction 
in figure 6.22) that will either promote or inhibit lateral cracking. 
In the 1 direction, the outer, 0° plies, are subject to residual compressive stresses and the 
inner, 90° plies, have residual tensile stresses. This suggests that the crossply material 
could be more susceptible to erosion than the unidirectional material due to the tensile 
stresses present in the 90° plies aiding crack propagation. In order to confirm the nature 
and magnitude of the stresses due to ply interactions, use was made of the "Laminate 
Analysis Program" from the Centre for Composite Materials at Imperial College. 
London. This program predicts the residual stresses in laminae arising from cooling 
from the stress-free temperature (assumed to be the processing temperature) to room 
temperature using laminate plate theory.~ The residual stresses in the 2 direction were 
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found to be -6.82 MPa in the 90° plies and 13.6 MPa in the 0° plies. In the 1 direction, 
residual stresses were calculated as 7.7 MPa in the 90° plies and -15.4 MPa in the 0° 
plies, where a negative value is indicative of a compressive stress. These values are, 
however, relatively low and would not be predicted to have a significant effect on 
erosIOn. 
6.3.2.2 Results 
Results of erosion tests carried out on the [0/9041 crossply laminate showed a wear rate 
of 0.l5 mg g-\ fractionally lower than for the unidirectional composite in either 
orientation. The result of an erosion test carried out on the [0/90]3S composite showed a 
wear rate of 0.18 mg g-l, once again similar to that of the unidirectional material. Thus, 
as suggested earlier, no significant stresses are present due to ply interactions in the 
crossply material that would promote or inhibit erosion. This is reflected in the results 
which show that wear rates are similar whether using a [0/904]s, [0/90]3S or unidirectional 
composite. These results seem to show that the stresses due to ply interactions present in 
a crossply material do not have a significant effect on erosion rate at room temperature, 
where they would be a maximum, and they are therefore assumed to be insignificant at 
higher test temperatures. 
6.3.3 EFFECT OF TEMPERATURE 
Experiments were also carried out by an undergraduate of the University of Surrey, 
(Booth, 1997), from room temperature to 800°C using the [0/904]s material. As with 
previous tests, particle impingement was 90° to the target surface, air flow rate was set to 
40 1 min-1 and the mass of erodent passed was 300 g. 
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As with experiments performed on the unidirectional material, it was necessary to 
remove the effect of increasing particle velocity with temperature from the erosion data 
obtained. Figure 6.23 shows the effect of temperature on the erosion rate of the [0/9041 
composite. The effect of increased particle velocity has been removed using equation 6.6 
and is shown as the lower series of data. The upper series of data shows the experimental 
results before normalisation with respect to velocity. This plot is of the same form as that 
seen in figure 6.16 showing the effect of temperature on the erosion resistance of the 
unidirectional material with the erodent stream parallel to the fibre direction. Given the 
previous comparisons of erosion rate between unidirectional material and crossply 
material at room temperature the similar trends in wear rate at elevated temperatures are 
to be expected. The electron photomicrographs shown in figure 6.24 indicate that the 
wear scar surface is getting smoother with increasing erosion temperature, although 
lateral fracture remains the dominant mechanism of material removal. As seen with the 
results of high temperature erosion on unidirectional material (c.£ § 6.2.6) there is an 
increasing component of plastic flow in the matrix as the temperature is increased. It 
should be noted that at room temperature, the wear rate of the [0/904]5 material is 
considerably lower than quoted previously. On inspection of the nozzle exit of the 
acceleration tube it was seen that severe wear had occurred and that the nozzle exit radius 
had increased due to thinning of the silica tube walls at this point. This severe wear was 
due to previous high velocity wear tests carried out using the same acceleration tube. In 
order to confirm the effect of nozzle wear on the erosion results another room 
temperature test was carried out using a new acceleration tube. This test yielded a wear 
rate of 0.15 mg g-l agreeing well with previous results at this temperature. The effect of 
nozzle wear was also seen in the form of a slightly different wear scar morphology. 
Wear scars obtained had slightly larger radii and the disc like profile seen previously at 
lower temperatures was less well defined. It was still possible, however, to see that the 
profile became more conical at higher erosion temperatures, as had been noted when 
110 
Chapter 6: Erosion of CAS/SiC 
testing unidirectional material. Examples of the wear scar profiles obtained at room 
temperature, 200, 400, 600 and 800°C are given in figure 6.25. 
6.4 CONCLUDING REMARKS 
Work carried out on cross-ply and unidirectional CAS/SiC, at both elevated and room 
temperature, has been discussed in this chapter. Parameters such as particle velocity, 
fibre orientation and test temperature have been examined and their effect on the erosion 
response of the material has been characterised. The erosion of a unidirectional CAS/SiC 
composite has been shown to occur by a mechanism of lateral cracking and to be 
strongly dependent on the velocity of the erodent particles (with an exponent of 2.6) but 
independent of the fibre orientation with respect to the erodent stream. At a constant 
velocity, the wear rate has been shown to decrease from room temperature to 300-400 °C 
for both undirectional and crossply material. This has been shown to be consistent with a 
reduction in the driving force for lateral cracking as a result of the release of residual 
stresses resulting from mismatches in the coefficients of thermal expansion of the two 
constituents. It was found that at all temperatures erosive response was similar for both 
crossply and unidirectional material. Similarities between the two types of material were 
explained by consideration of hoop and axial residual tensile stresses in the matrix 
around fibres, as well as stresses due to ply interactions in the crossply material. 
Following on from this work the next chapter deals with the prediction of wear scar 
profiles and wear rates using experimental work as a basis for the development of a semi-
empirical model. 
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Table 6.1 - Summary of indentation tests carried out at room temperature 
Load Mean Mean Observations of 
Sample (N) width indentation Lateral Cracking 
diagonal depth ()lm) 
As received 2.94 22.6 2.9 
Hotplate @ 2.94 23.4 3.4 Less lateral cracking than as 
200°C received & heat treated. 
Where present, similar depth 
to as received. 
Heat treated 2.94 19.9 2.7 Lateral crack depth slightly 
@ 720°C less than as received & 
200 °C. 
As received 3.29 27 
Sub surface damage similar. 
Heat treated 3.29 22 
600°C 
As received 9.8 46 5.15 Extensive radial cracking 
towards fibres with lateral 
cracking often extending to 
surface. 
As received 19.6 Similar damage to 9.8 N but 
damage at a deeper level. 
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Table 6.2 - Results of room temperature indentations (9.8 N load) 
on a sample without heat treatment. X and Yare the two indentation diagonals. 
Indentation Diagonals Depth of Majority of Maximum 
no. (lim) indentation damage (lim) depth (lim) 
(J.tm) 
X=47.8 
1 Y=46.8 5.0 2.5 6.0 
X=44.0 
2 Y=43.4 5.5 3.0 7.0 
X=47.4 
3 Y=47.3 5.0 3.0 5.0 
X=47.4 
4 Y=46.7 4.5 4.0 6.0 
X=47.4 
5 Y=46.7 5.0 3.0 6.5 
X=47.0 
6 Y=44.7 5.0 3.0 6.5 
X=47.0 
7 Y=45.8 5.0 3.0 5.0 
X=46.1 
8 Y=45.5 5.5 3.0 6.0 
X=44.4 
9 Y=45.3 5.5 2.5 6.5 
X=44.0 
10 Y=45.3 5.5 3.0 8.0 
Mean X,Y=46 5.15 3.0 6.25 
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Table 6.3 - Results of room temperature indentation (1 kg load) 
on a sample heat treated at 200 °e. 
Indentation Diagonals Depth of Majority of Maximum 
no. (11m) indentation damage (11m) depth (11m) 
(11m) 
X=44.4 
1 Y=46.7 5.5 2.5 7.5 
X=45.5 
2 Y=43.8 5.5 3.0 7.25 
X=44.4 
3 Y=46.5 5.5 2.5 7.75 
X=42.4 
4 Y=48.7 5.5 3.5 7.5 
X=47.9 
5 Y=44.4 5.5 1.5 8.0 
X=45.7 
6 Y=43.8 5.5 3.0 7.0 
X=43.3 
7 Y=46.7 5.5 3.0 7.0 
X=45.9 
8 Y=44.1 5.5 3.0 7.5 
X=46.6 
9 Y=47.3 5.5 3.5 7.0 
X=47.0 
10 Y=46.7 5.0 3.0 7.0 
X=49.0 
11 Y=46.7 5.5 2.5 7.5 
Mean X,Y=45.73 5.417 2.791 7.3 
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Table 6.4 - Results of room temperature indentation (l kg load) 
on a sample heat treated at 400 °e. 
Indentation Diagonals Depth of Majority of Maximum 
no. (,-,m) indentation damage (,-,m) depth (,-,m) 
(,-,m) 
X=46.1 
1 Y=48.8 6.5 2.5 7.5 
X=44.8 
2 Y=45.3 5.0 3.5 7.5 
X=45.7 
3 Y=45.0 5.5 3.5 7.0 
X=47.0 
4 Y=50.5 5.0 3.0 7.0 
X=49.6 
5 Y=48.8 4.0 3.0 6.5 
X=45.3 
6 Y=50.3 5.75 3.0 7.5 
X=48.7 
7 Y=52.0 6.0 3.0 8.25 
X=49.6 
8 Y=50.3 6.25 3.5 8.5 
X=46.6 
9 Y=42.6 5.5 2.5 5.5 
X=49.6 
10 Y=46.4 6.75 4.5 7.25 
Mean X,Y=47.5 5.625 3.2 7.25 
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Table 6.5 - Fibre segment area at the surface for room temperature, 
200°C and 400 °C samples. 
Indentation no Room Temp (11m2) 200°C (11m2) 400°C (11m2) 
1 803.03 1652.28 736.31 
2 1891.68 1058.14 262.85 
3 
- 3195.73 419.07 
4 637.11 1606.17 
-
5 
- 1424.43 
-
6 1811.25 2000.87 1037.09 
7 
- 756.92 482.66 
8 834.69 1208.33 1267.88 
9 1344.28 1315.57 
-
10 554.46 - 960.37 
11 - 424.52 -
Table 6.6 - Lateral crack area at the depth of the majority of damage for room 
temperature, 200°C and 400 °C samples. 
Indentation no Room Temp (11m2) 200°C (11m2) 400°C (11m2) 
1 160.2 557.6 216.7 
2 318.9 378.4 100.0 
3 17.8 1101.9 209.5 
4 161.7 498.5 41.7 
5 37.1 470.3 20.5 
6 209.9 649.3 332.6 
7 11.0 253.8 163.3 
8 202.3 368.9 395.1 
9 281.1 484.9 22.4 
10 126.9 102.1 244.7 
11 - 134.9 -
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Figure 6.1 - Results of successive erosion tests at an erodent velocity of 24 m S-1 on a 
single unidirectional CAS/SiC sample 
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Figure 6.2 - Results of successive erosion tests at an erodent velocity of 24 m S-1 on a 
single unidirectional CAS/SiC sample. 
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Figure 6.3 - Room temperature variation of erosion rate with erodent velocity. 
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Figure 6.4 - Electron photomicrographs showing typical regions of wear scars 
produced at erodent velocities of a) 6.7 m s-' and b) 24 m s-' . 
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a) 
b) 
Figure 6.5 - CLSM colour height maps of (a) an as polished surface and (b) erosion 
damage produced using an erodent impact velocity of 9 m S-I. 
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Figure 6.6 - CLSM colour height maps of erosion damage produced at an erodent 
impact velocity of a) 14 m S·l and b) 24 m S·l. 
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Figure 6.8 - Results of sample mass and energy as a function of temperature, as 
determined by TGA and DT A. 
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Figure 6.9 - Effect of temperature on wear rate for unidirectional 
CAS/SiC up to 726°C. 
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500 \-Lm 
Figure 6.10 - Approximately diametric wear scar profiles taken from 
unidirectional CAS/SiC samples eroded at a) room temperature 
b) 200°C c) 400 °C d) 600°C and e) 726 °C. 
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a) 
b) 
Figure 6.11 _ Scanning electron photomicrographs showing the eroded surface of the 
unidirectional CAS/SiC at a) room temperature, b) 400°C and c) 726 °C. 
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40 ~m 
Figure 6.11 - Scanning electron photomicrographs showing the eroded surface of the 
unidirectional CAS/SiC at a) room temperature, b) 400 °C and c) 726 DC. 
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a) 
b) 
Figure 6.12 - Scanning electron photomicrographs showing the eroded surface of the 
tmidirectional CAS/SiC at a) room temperature b) 400 °C and c) 726 °C. 
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Figure 6.12 - Scanning electron photomicrographs showing the eroded surface of the 
unidirectional CAS/SiC at a) room temperature b) 400 °C and c) 726 °C. 
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Figure 6.13 - Results of mean air velocity from pitot tube readings, velocity 
calculated from air flow rate and particle velocity from double disc 
measurements versus gas flow rate at room temperature. 
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Figure 6.14 - Data for calculated air velocity using volume increase and mean particle 
velocity measurements up to 400 °C. 
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Figure 6.15 - Particle velocity versus gas flow rate at 
temperatures of200 °C and 300 °C. 
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Figure 6.16 - Plot of wear rate versus temperature showing experimental, velocity 
corrected, and theoretical data for unidirectional CAS/SiC. 
I 
Theoretical data is calculated assuming that the only effect of temperature is to increase 
particle impact velocity. 
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Figure 6.17 - Schematic of the cross section of an indentation showing the depth of 
indentation, majority of damage and maximum depth of damage. 
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Figure 6.18 - CLSM images showing sub-surface damage (upper image) and surface 
features (lower image) of a 9.8 N indentation in a sample heat treated at 200 °C. 
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Figure 6.19 - CLSM images showing sub-surface damage (upper image) and surface 
features (lower image) of a 9.8 N indentation in a sample heat treated at 400 °C. 
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Figure 6.21 _ Results of successive erosion tests at an erodent velocity of24 m S-l on a 
single [0/90hs laminate sample. 
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Figure 6.22 - Schematic representation of a. [02/904]s laminate 
with orthogonal axes as shown. 
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Figure 6.23 - Plot of wear rate versus temperature showing experimental, velocity 
corrected, and theoretical data for a [02/904]s laminate. Theoretical data is calculated 
assuming that the only effect of temperature is to increase particle impact elocity. 
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a) 
b) 
Figure 6.24 _ Scanning electron photomicrographs showing the eroded surface of the 
[0/ 90
4
]5 composite at a) room temperature b) 400 °C and c) 800 °C. 
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Figure 6.24 _ Scanning electron photomicrographs showing the eroded surface of the 
[0/ 90
4
]5 composite at a) room temperature b) 400 °C and c) 800 °e. 
137 
a) 
b) 
c) 
d) 
e) 
Chapter 6: Erosion of CAS/SiC 
~----------~-----------
2mm 
Figure 6.25 _ Approximately diametric wear scar profiles taken from 
[O/90
4
Js samples eroded at a) room temperature b) 200°C 
c) 400 °C d) 600°C and e) 800 °C (after Booth, 1997). 
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Chapter 7 
MODELLING OF WEAR SCAR PROFILES 
7.1 INTRODUCTION 
The type of experimental program detailed in the previous chapter is an essential pm 
of understanding the response of a material to erosive conditions. However a 
understanding of a process develops, emphasis can change from a purely empiric, 
approach to one in which calculations using a model become increasingly importan 
In this way engineers wishing to predict the lifetime of a component can minimise th 
amount of practical work required. This chapter details the development of 
empirically based model for predicting erosive wear scar profiles and wear rate. Th 
long term aim of such work is to enable accurate predictions of the change in wear ra1 
and wear scar profile with time to be obtained, using data from a much shortene 
period of testing. 
7.2 EXPERIMENTAL TECHNIQUE 
Sample preparation and experimental conditions were identical to all previous erosic 
tests carried out at elevated temperature. For each test, 300 g of erodent was placed 
the erodent hopper and erosion testing was carried out for between 2 and 10 minutes 
2 minute increments. A new target sample was used for each test, and after testing \V. 
complete, and the sample was removed, the erodent remaining in the hopper \V 
collected and weighed so that the mass of erodent that had impacted the sample COll 
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be determined. By placing 300 g of erodent in the hopper for each test, starting 
conditions were identical for all tests and hence, by incrementally increasing the time 
for each test, the changes that had contributed to the final wear scar shape could be 
observed. Measurement of wear scar profiles was facilitated by the removal of the 
central bar of material. This was then viewed and photographed using an Olympus 
S051 stereo microscope. Photomicrographs showing the evolution of the wear scar 
with time at a temperature of 700°C and a constant particle velocity of 42 m S-1 are 
given in figure 7.1. It can be seen that the walls of the wear scar become steeper with 
increasing time and that the area of the base of the scar reduces as the centre gets 
progressively deeper. The wear rates are recorded in table 7.1. Since separate samples 
were used for each time increment some scatter in the results obtained was seen to 
occur. Most noticeably, the 8 minute wear rate is higher than the six minute wear rate. 
This method was, however, preferable to the use of a single sample throughout since it 
would have been be very difficult to reposition the sample in the exactly same place 
after each time interval, and thermal cycling effects may have been significant. 
7.3 PREDICTION OF WEAR SCAR PROFILE 
7.3.1 SIMPLIFIED REPRESENTATIONS OF WEAR SCARS OBTAINED 
EXPERIMENTALLY 
Empirical data have been obtained showing the type of changes occumng at the 
surface of a sample during a wear test. It should be possible to quantify these changes 
and thus produce a model that will help to predict the profile of the wear scar that will 
occur when the sample is subjected to erosive wear. The first stage of this process was 
to represent the shape of the wear scar in a more simplified manner. Wear scar profiles 
were traced onto acetate from the photomicrographs shown in figure 7.l. Since some 
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way of quantifying the angles of the wear scar walls was required it was necessary to 
approximate the constantly changing curves of the profile to straight lines. The 
profiles were therefore drawn as truncated cones from which the radius of the base and 
the angles and lengths of the sloping sides could be measured. The actual wear scar 
profiles and the simplified representations that were used are given in figure 7.2. 
At the intersection between the base area and wall area a sharp comer results. As seen 
from the actual wear scar this is in reality a curved area which results from the fact that 
the impacting particles have a finite radius. Whilst an improvement could be made, by 
representing this area with more linear regions, the benefits of this would be limited 
due to the fact that wear rate varies only slowly between impact angles of 90-75°. It 
can be seen that in most cases there is an over estimation of the wear scar volume at 
the base and an under estimation at the top. The under estimated areas at the top of the 
wear scar, shown two dimensionally in figure 7.2, are swept through a larger 
circumference than the bottom. This means that, overall, there is probably an under 
estimation of wear scar volume. 
7.3.2 PREDICTION OF CHANGES IN WEAR SCAR PROFILE WITH TIME 
7.3.2.1 Introduction 
In order to predict the form of the wear scars at set time intervals it was necessary to 
use the erosion rates at 90° and at the differing angles of the wear scar walls. Thus, it 
was assumed that the erosion rate was a maximum at 90° and that the component of 
velocity normal to the sample surface (vsina) could be used to determine the wear rate 
at all other angles. Using measurements made from a wear scar, the next profile could 
be predicted as being formed from the change in depth of the angled walls and the 
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change in depth of the base. Since erosion rate is a maximum at 90° to particle impact 
this would predict a deepening of the base of the wear scar relative to the sides as seen , 
experimentally. 
7.3.2.2 Wear rate at 90° 
As mentioned previously, it was assumed that the wear rate is a maximum at a particle 
impingement angle of 90°. The effect of the change in angle of impingement on wear 
rate at 400°C and 700 °C is shown in figure 7.3. It can be seen that for both 400°C and 
700 °C tests the wear rate increases with increase in impingement angle up to a 
maximum at around 90° impact. This is as would be expected for materials eroded by 
the mechanism of lateral fracture. Given the results presented it would appear that the 
assumption that wear rate is at a maximum for impact normal to the sample surface is 
reasonable. These data, however, cannot be used in calculations since they represent 
results obtained over the course of a wear test where the profile is constantly changing. 
An instantaneous wear rate at any required angle, not a wear rate that has developed 
through many changes in impact angle, is required. 
The value of the 90° wear rate was calculated from the initial wear scar at 2 minutes 
knowing that at time zero the surface of the sample is flat. It was assumed that the area 
of sample represented by the base of the wear scar at 2 minutes had remained at an 
impact angle of 90° throughout the period from 0 to 2 minutes. U sing the assumption 
that the erodent is uniformly distributed over the sample surface, the mass of erodent 
impacting per unit area of sample surface can be calculated by dividing the surface area 
by the total mass of erodent that has impacted. After measuring the depth of material 
removal, the wear rate at 90° is simply the volume of material lost in the 90° region 
multiplied by density and divided by the mass of impacting erodent. The wear rate at 
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90° impact, calculated using this method was found to be 0.4 mg g-l. The fact that this 
value is higher than previously given empirical wear rates is to be expected given the 
nature of the calculation. This value of wear rate is effectively the instantaneous wear 
rate that would occur at the moment that erosion testing commenced. After this point 
changes in the profile of the specimen surface lead to a constantly reducing wear rate. 
7.3.2.3 Wear rate at angle a 
U sing the instantaneous value of wear rate at 90° (~o) the wear rate at any impact 
angle a can be calculated using the component of velocity normal to the target surface, 
VSlna. Since it had been found previously that wear rate a velocitl·6 (at room 
temperature), the wear rate at the angled walls is (sina ?6 x ~o, since 
WRa = (VSina)2.6 
WR90 V 
7. 1 
where WRa and ~o are the wear rates in mg g-l at impact angles of a and 90° 
respectively and v is the erodent velocity. 
7.3.2.4 Change in depth and area of the base and wall of a wear scar 
The depth of material loss for a particular area (h*) is given by 
h* = MerodWRa 
Pt 
7. 2 
where M
erod 
is the mass of erodent impacting per unit area and Pt is the density of the 
target. Thus, for any given wear scar, the depth of material removed from the base area 
and wall area can be calculated and hence the new shape of the wear scar after this 
erosion has taken place can be found. 
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Figure 7.4 shows a schematic of the effect of these changes on the base and sloping 
wall of the wear scar. Obviously, the wall and the base of the wear scar will need to be 
joined and since the base will erode faster than the wall this will decrease the impact 
angle at the wall. The new angle between the base and the sloping wall was defined as 
the mean value of the two angles YI and Y2' where these angles are formed by linking 
either the farthest or nearest end of the sloping wall to the edge of the base area (figure 
7.4). Both of these angles were calculated using basic trigonometric rules, knowing 
the changes in depth of the base and angled areas, dl and d2 respectively. Lastly it was 
necessary to represent the reduction in the base area and the increase in the length of 
the angled walls with time. Figure 7.5 shows how the overlap of the base and wall 
areas was used to calculate values of 8r and 81. The new value for the radius of the 
base area was, therefore, calculated as the previous radius minus 8r, while the new 
length of the sloping wall was the previous value plus X plus 81. Using these 
calculations it was possible to predict the shape of the subsequent wear scar, using the 
measured dimensions from the simplified representation of the previous wear scar. 
Also, using dimensions obtained from the first wear scar, at 2 minutes, it was possible 
to predict the approximate wear scar morphology that would be seen after 10 minutes 
of erosion. This was done using an iterative approach where the results of the previous 
data inputs were used in the proceeding calculation, up to a maximum time duration of 
10 minutes. 
Finally, knowing the target density, the mass of impacting particles and the volume of 
the wear scar formed it was also possible to calculate wear rate for each time 
increment. This was done for the simplified representations of wear scars and all 
predicted wear scars. 
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7.4 RESULTS AND DISCUSSION 
The simplified representations of experimental wear scar profiles, the predicted wear 
scar profile using the previous empirical data, and the iterative predictions using only 
the 2 minute empirical dimensions as a starting point are shown in figure 7.6. These 
are shown as black, red and blue lines respectively. It can be seen that agreement 
between all three sets of data is excellent. 
Given the way in which the actual wear scars were approximated to truncated cones 
(figure 7.2) it is to be expected that the volumes of the wear scars shown in black are 
less than those of the real wear scars. This is because, whilst there is an over 
estimation of material loss at the base of the scar, there is an under estimation at the 
top. The greater radius at the top of the wear scar means that, overall, the volume of 
the simplified representation of the real wear scar is an underestimation. Hence wear 
rates calculated for these wear scars (table 7.1, second column of data) are less than 
those found empirically. This also means that all wear rates calculated using the model 
will be lower than those found empirically and should, in fact, be compared to the wear 
rates calculated for the simplified representations of real wear scars. Model 
calculations of wear rates up to each time interval are shown in columns three and four 
of table 7.1. It can be seen that the values of wear rates for both sets of model 
calculations are in good agreement with those found for the simplified empirical wear 
scar profiles. The trend towards decreasing wear rate with time for the iterative results 
stems from the fact that the model predicts a decrease in the area impacted at 90° and 
an increase in the area of the angled walls with time. It can be seen that the actual 
trend in wear rate with time is similar, although the wear rate at 8 minutes is higher 
than all others, this is an indication of the scatter in data. The scatter in real data 
obtained, compared to the model, is as a result of variations between samples due to 
the use of separate samples for each time interval (see § 7.2). The results of model 
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calculations are obtained for a single, perfect sample used from 0 to the final time 
interval, hence the decreasing erosion rate predicted using the iterative approach. 
Despite small differences in calculated wear rates it can be seen from figure 7.6 that the 
evolution of the wear scar profile with time has been successfully represented by the 
model calculations. After 4 minutes the two predicted wear scar profiles are identical 
due to the starting conditions being the same. After this point, surprisingly, the 
iterative approach seems to more accurately represent the real situation. Possibly this 
is due the fact that there is some variability in experimental wear scar profiles which 
does not 4ffect this type of calculation. 
Improvements to the model could include a more accurate representation of the 
experimental wear scar profile. The wall of the scar would be better represented by a 
number of separate areas of changing length and angle instead of the single area used 
in the current work. Also the model assumes an even particle distribution across the 
width of the sample surface. A more accurate method would be to take into account 
the change in particle distribution across the erodent plume and hence cater for the 
change in mass of impacting particles between the centre and the edge of the wear scar. 
It does appear, however, that this model has successfully enabled the form of the wear 
scar obtained after 10 minutes to be predicted using data obtained after 2 minutes. 
7.5 CONCLUDING REMARKS 
This chapter has presented details of the development of an empirically based model 
for the prediction of erosive wear scar profiles. The model has been used to predict 
both wear rate and the form of the wear scar produced at various stages in its evolution. 
Predictions have been shown to be in excellent agreement with results obtained 
experimentally and ways of further improving the predictive capabilities of the model 
have been suggested. 
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Table 7.1 - Table showing wear rate for time intervals of2 to 10 minutes. The column 
labelled wear rate 1 shows data for the simplified representations of experimental wear 
scar profiles. Wear rate 2 shows data for the predicted wear scar using the previous 
empirical data and wear rate 3 is data for the iterative predictions using only 2 minute 
empirical dimensions as a starting point. 
Time Actual Wear Wear Rate 1 Wear Rate 2 Wear Rate 3 
Increment Rate (mg g-l) (mg g-l) (mg g-l) (mg g-l) 
minutes) 
2 0.23 0.22 
4 0.22 0.19 0.18 0.18 
6 0.21 0.18 0.17 0.17 
8 0.23 0.18 0.17 0.17 
10 0.21 0.19 0.17 0.16 
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b) 
d) 
e) 
Figure 7.1 _ Photomicrographs showing the evolution of the wear scar 
with time at a temperature of 700 °C. Time intervals are 
a) 2 mins b) 4 mins c) 6 mins d) 8 mins and e) 10 mins. 
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10 mins 
Figure 7.2 - Actual wear scar profiles and simplified representations 
drawn for modelling purposes. 
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Figure 7.3 - The effect of impact angle on wear rate for erosion 
temperatures of 400 °C and 700 0c. 
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Dimensions used in the calculations are shown in figures 7.4 and 7.5. 
f. - radius of base 
fz - radius of top of wear scar = [sin (impact angle) x L2] + r, 
Mass of erodent per mm2 of wear scar area calculated 
Depth of material removal at base and wall of wear scar (d, and ~) is calculated using 
(mass of erodent per mm2)[(sina)2.6 x ~] 1 PI 
hypl - [~z + (X + Lz)2 - 2~(X + Lz) cos(90 + 9)]°·5 
hypl - [~2 + X2 - 2Z2X 008(90 + 9)]°·5 
_ . _ I[(X + Lz)(Sin90+e)] 
'Y I-sm hypl 
_ . - I[X(Sin90+e)] 
12 -sm hyp2 
The new angle between the base and the wall of the wear scar is defined as (1, + 12)/2 
The new length of the angled wall is defined as L2 + X + (51 
The new base radius is defined as r, - or 
Using these new calculated dimensions the predicted shape of the subsequent wear scar 
can be drawn and further iterations perfonned. 
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Figure 7.4 - Schematic showing the predicted effect of erosive wear on 
the base and sloping wall of a wear scar. 
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or 
Figure 7.5 - Schematic showing how the overlap of the base and wall areas 
was used to predict values of or and 01. 
152 
Chapter 7: Modelling of Wear Scar Profiles 
10 mins 
-g mins 
6 mins 
4 mins 
2 mins 
1 nun 
Figure 7.6 - Schematic of original and predicted wear scar profiles. Black lines 
represent the simplified representations of experimental wear scar profiles. Red lines 
show the predicted wear scar using the previous empirical data and blue lines are the 
iterative predictions using only 2 minute empirical dimensions as a starting point. 
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Chapter 8 
CONCLUSIONS AND FURTHER WORK 
8.1 CONCLUSIONS 
The aim of this study was to increase the understanding of the erosive wear behaviour of 
continuous fibre reinforced ceramic matrix composites. This aim has been met, and as a 
result a number of conclusions have been made which are detailed in this section. 
Since a large proportion of the study involved erosion experimentation, initial work 
involved the commissioning of a high temperature gas blast erosion rig in which testing 
could be carried out. Subsequent modification increased the velocity range further. 
Although difficult to quantify in terms of time, or record in written form, this initial 
period allowed a successful, reproducible experimental method for erosion testing to be 
developed and implemented. 
The effect of particle impact velocity on erosive wear rates at room temperature was 
examined. It was shown, using CLSM, that on increasing the velocity of the erodent 
particles, the mode of material loss changed from a surface chipping mechanism to one 
of lateral fracture. This is consistent with a maximum impulse load required for the onset 
of lateral cracking. Values of impulse load required for lateral fracture were used to 
calculate the velocity required to produce wear at a predicted rate. Experimentation 
showed the wear rate obtained to be in reasonable agreement with predictions. 
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An analysis of the residual thenno-elastic stresses (Powell 1993) predicted that, due to 
differences in the coefficient of thennal expansion between fibres and matrix, residual 
stresses would be present in fibres and matrix at room temperature. Given the residual 
tensile stresses present in the composite matrix it was predicted that an increase in 
erosion temperature would lead to a decrease in the extent of lateral cracking and hence 
erosion rate. Initial results disagreed with this hypothesis and this was shown to be due 
to a concomitant increase in particle impact velocity with temperature. This increase in 
particle velocity was successfully characterised enabling a trend of decreasing erosive 
wear rate with temperature to be demonstrated. A change in wear scar morphology was 
also noted and hypothesised as being due to a change in surface chemistry and response 
to lateral cracking with temperature. XPS was perfonned to assess chemistry changes 
but results were inconclusive due to the limitations of the equipment employed for this 
study. High temperature indentation experiments were carried out as a necessary 
prerequisite to explaining elevated temperature erosion results. While qualitative 
observations suggested a decrease in the extent of lateral cracking with temperature 
results were inconclusive. This has been identified as an area of work that needs to be 
repeated. 
It was found experimentally that the orientation of the fibres in a unidirectional 
composite was not significant since the same wear rate was observed in the two cases 
where the fibres were parallel and perpendicular to the erodent stream. Qualitatively this 
was explained in tenns of the residual tensile axial and hoop stresses within the matrix. 
Given these results and calculations of stresses due to ply interactions it was to be 
expected that crossply material would behave in a similar manner to that of the 
unidirectional CAS/SiC. Erosion experiments at both room temperature and elevated 
temperature showed this to be the case. 
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Finally, use of the data acquired from elevated temperature erosion testing enabled a 
simple prediction of the evolution of wear scar morphology to be made. It was found 
that predictions made using the proposed model were in good agreement with empirical 
results and hence the model forms a useful basis for further work. 
8.2 FUTURE WORK 
8.2.1 INTRODUCTION 
The work detailed in this study has led to an increased awareness of the response of 
continuous fibre reinforced glass ceramic matrix composites to erosive wear. The 
response of a material to erosive wear is a complex process, involving may inter-linked 
parameters, and much work is still required before understanding of this topic reaches a 
sufficient leveL Some areas of future work worthy of consideration are detailed in the 
following sections. 
8.2.2 HIGH TEMPERATURE INDENTATION 
Due to a lack of material and experimental facilities this was one area of work where 
results were inconclusive and therefore require repetition. Quasi-static indentation has 
been shown to be a useful method of providing information on lateral cracking responses, 
and hence erosive wear processes, at room temperature. Thus hot indentation 
experimentation would aid the understanding of elevated temperature erosion. 
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8.2.3 CORRELATION OF PARTICLE IMPACT VELOCITY 
AND INDENTATION LOAD 
Current equations for the calculation of impact velocity from impulse load produced by 
quasi-static indentation are based on a number of approximations. Not least of which, as 
far as CMCs are concerned, is the assumption that Krc and H are materials constants. 
This study has shown that results are reasonable given such approximations. However, 
since the indentation response of a material is often a useful precursor to understanding 
the erosion response a better correlation is required. 
8.2.4 SURF ACE ANALYSIS 
In order to quantify some of the possible chemical changes occurring on a sample surface 
undergoing elevated temperature erosion XPS was performed. Limitations of equipment 
performance meant that results were inconclusive. Further work needs to be carried out 
using the latest small area X-ray photo spectrometers available in order to overcome this ).. 
problem. The increased spatial resolution of such equipment would enable areas 
associated with the fibre/matrix interface to be examined in more detail. This would 
allow more detailed examination of the changes in chemical composition occurring, at 
the sample surface, during elevated temperature erosion. 
8.2.5 CONTINUATION OF MODELLING 
The method used for modelling the evolution of wear scar profiles at elevated 
temperature was seen to produce results near to those obtained empirically. 
Suggestions were made as to how improvements could be made to this model and 
these need to be implemented. Due to lack of material, these predictions were 
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compared to what was essentially a limited set of empirical data. Further 
experimentation needs to be carried out so that the development of wear scar profiles is 
comprehensively characterised. 
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